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ABSTRACT OF THE DISSERTATION
Electrodeless Electrochemistry Enabled by Nonthermal Plasma
by
Trey Oldham
Doctor of Philosophy in Energy, Environmental & Chemical Engineering
Elijah Thimsen, Chair
Washington University in St. Louis, 2021

The increasing availability and decreasing cost of electricity generated by renewable
resources have motivated research into electrified chemical processing, whereby electrical energy
is used to drive chemical transformations. Electricity-intensive processing techniques such as
electrochemistry using solid electrodes has attracted attention in this context for the synthesis of
organic compounds, such as high-value pharmaceuticals and renewable chemical production.
Selective chemical transformations are achieved in conventional aqueous electrochemical systems
by using external circuitry to bias solid electrodes, allowing for the preferential transfer of
electrons between the electrode-liquid interface. Despite having the ability to promote controlled
electrochemical reactions, configurations using solid electrodes are known to suffer from
complications including surface fouling by carbonaceous coatings and are limited by materialdependent operational conditions.
Another way to utilize electricity to drive chemical reactions is by employing nonthermal
plasma, which is a partially ionized gas comprised of hot electrons (T ≥ 10000 K) and relatively
cold ions and neutrals that remain at, or near, ambient temperature. Nonthermal atmospheric
plasma interacting with liquids act as a potent source of highly reactive species including radicals,
xi

photons, atomic and molecular ions, and electrons, which participate in charge-transfer processes
across the interface formed between the plasma and electrolyte solution (i.e. plasma-liquid
interface). In turn, these reactive species facilitate reduction-oxidation (redox) reactions within
solution without the need of a counter electrode. Thus, plasma-liquid systems are designated as
electrodeless electrochemical systems, an approach that is hypothesized to ameliorate the issues
of electrode fouling experienced using solid electrodes. Despite these features compared to
conventional electrochemical systems, remarkably little is known about the electrochemical nature
of the plasma-liquid interface, hindering the ability to rationally design redox reactions.
The work of this dissertation is focused on understanding the fundamental electrochemical
structure at a plasma-liquid interface. The first aim of this thesis is the development of a
methodology capable of performing in situ measurements of the reduction potential in plasmaliquid systems. While the reduction potential is a key parameter in electrochemistry that
determines the rate and direction of the redox reaction, a standard protocol for characterization of
the reduction potential has not been established for plasma-liquid systems. The second aim of this
dissertation is to elucidate the spatial locations of the reduction and oxidation half-reactions in an
electrodeless electrochemical system. While the redox half-reactions simultaneously occur on the
surfaces of well-defined, solid electrodes in conventional electrochemistry configurations, the
absence of solid electrodes obfuscates the locations of the half-reactions (i.e. the electrodeless
cathode and anode) in plasma-liquid systems. The final aim of this work is to develop a framework
for understanding how to tune the reduction potential in solution, analogous to the external
circuitry used in conventional electrochemical systems. More specifically, establishing a
correlation between the state variables of the plasma (i.e. electron temperature and electron
density) and the reduction potential in solution.
xii

Chapter 1

Introduction

1.1 Electrified Chemical Processing
The global capacity of renewable energy, specifically in the form of solar photovoltaics (PV),
surpassed 500 GW at the end of 2018, with an estimated projection of an additional to be installed
by 2023.1 As shown in Figure 1.1a, the average cost of PV modules has rapidly decreased from
$3.50 to 0.38 per peak watt from 2006 to 2020, respectively.2 Similarly, the number of PV module
shipments increase from 0.3 to 21.7 million peak kilowatt from 2006 to 2020, respectively, as
shown in Figure 1.1b.2 As such, the increasing abundance and decreasing costs of producing
electricity from renewable resources has given rise to interest in novel electricity-intensive
processing techniques. In the context of chemical processing, electricity-intensive techniques
utilize electrical energy as inputs to promote otherwise non-spontaneous reduction-oxidation
(redox) reactions, as opposed to chemical reagents used in chemical-based approaches. Here, a

1

redox reaction refers to a type of chemical transformation in which the oxidation state, or charge
state, of atoms are changed as a result of an electron transfer processes.

Figure 1.1. Photovoltaic Module Cost and Shipments. (a) Average cost of photovoltaic module
in USD per peak watt and (b) number of photovoltaic module shipments in millions per peak
kilowatt from 2006-2020.2
The driving force for redox reactions in chemical reduction processes arises from
differences in the energies of the electrons between chemical reagents. More specifically, electrons
are transferred from a chemical species with high energy electrons to another species to minimize
the total electron energy. Chemical reduction becomes more challenging in the case of aromatic
compounds due to the intrinsic stability of their chemical bonds. In order to reduce these bonds,
reactions using chemical reagents capable of generating free electrons in solution, or solvated
electrons,3 are required. Such reactions, such as Birch reduction,4 have been utilized industrially,
such as the case of Pfizer’s synthesis of an anti-Parkinson’s drug candidate sumanirole.5,6
However, the generation of solvated electrons in these processes requires harsh chemical
environments including the use of pyrophoric alkali metals as reagents in a solvent of liquid
ammonia at cryogenic temperatures (–35 °C). While milder alternatives have been proposed,7,8

2

these methods still rely on the use of alkali metals. Another approach to promote Birch reduction
is through electrochemical reduction.9
Electrochemical reduction is distinct from chemical reduction in that electrons are provided
by an electrically conductive electrode rather than a chemical reagent. In electrochemical
reduction, the energy of electrons in the electrode is modulated using an external power supply in
order to preferentially transfer electrons from the electrode to the species of interest. An
electrochemical approach allows for the precise tuning of electron energy in the electrode to
selectively promote the reaction of interest. In the context of the Birch reduction reaction,
electrochemical reduction has been demonstrated to offer a scalable alternative for synthesizing
pharmaceutically relevant molecules and can be performed under ambient conditions using nontoxic reagents.9
In conventional aqueous electrochemistry systems, vessels known as electrochemical cells
are used to perform electrochemical experiments (Figure 1.2). In general, the components of an
electrochemical cell include solid electrodes which are immersed in an inert solvent containing an
electrolyte. A typical electrochemical experiment is only concerned with the reduction and/or
oxidation of a single analyte, which reacts at the working electrode. The working electrode is in
electrical contact with a counter electrode, where the complementary redox reaction takes place.
Given the fact that redox reactions can be driven by carefully tuning electron energy in an
electrode, careful monitoring of the reduction potential at the electrode-electrolyte interface is
crucial. As the reaction of interest occurs at the working electrode, experimentalists are only
concerned with monitoring and maintaining the potential at this electrode-electrolyte interface. A
reference electrode, an electrode with a well-defined and stable equilibrium potential, is used to
measure the potential across the working electrode-electrolyte interface. An external power supply,
3

such as a potentiostat, is used to control the applied bias of the working electrode with respect to
the counter electrode as a function of the voltage measured between the working and reference
electrode.

Figure 1.2. Conventional Aqeuous Electrochemical Cell. Schematic representation of a
conventional electrolytic cell where current is passed between the counter electrode (CE) and
working electrode (WE), while the potential at the working electrode-solution interface is
monitored by a reference electrode (RE).
Despite the ability to perform highly selective chemical transformations, conventional
electrochemical systems also have their drawbacks. In particular, electrochemical cells using solid
electrodes are known to suffer from fouling of the electrode surface by carbonaceous coatings. 10–
12

Additionally, the electrode is limited to a certain voltage operational window determined by the

material of the electrode.13 Another way to utilize electricity to drive chemical reactions by using
nonthermal plasma. Free plasma jets in contact with liquids are able to promote electrochemical
reactions without the need of solid electrodes. An electrodeless approach is hypothesized to
ameliorate the issues of electrode fouling while simultaneously circumventing the materialdependence limitation of solid electrodes. Furthermore, the addition of a supporting electrolyte,
which has been shown to impact chemical conversion in conventional electrochemical systems, 14
is not required in plasma-liquid systems.

4

1.2 Plasma: The Fourth State of Matter
Plasma describes a partially ionized gas containing free electrons, ions, neutrals (atoms,
molecules, radicals), and energetic photons. A more rigorous description of a plasma is a quasineutral gas comprised of charged and neutral particles whose interactions are predominantly
collective. Here, quasi-neutrality requires that total number of electrons and ions (multiplied by
their charge number) are approximately zero, such that the medium is macroscopically electrically
neutral. Collective effects refer to the long-range attractive and repulsive forces experienced
between a single charged particle simultaneously interacting with many free electrons and ions.
Due to these unique properties, plasma is considered the fourth fundamental state of matter.

Figure 1.3. Plasma in Nature and in Lab (a) The Veil nebula is an example of an astrophysical
plasma generated from by a supernova, with light emission due to hydrogen (red), sulfur (green),
and oxygen (blue).15 (b) The aurora borealis is an example of a terrestrial plasma, caused by the
solar wind entering Earth’s upper atmosphere.16 (c) Lightning is another example of a terrestrial
plasma.17 (d) A Hall-effect thruster is an example of an artificially produced plasma generated
using xenon.18 (e) A tokamak is a type of fusion reactor that uses strong magnetic fields to confine
plasma in the shape of a torus.19 (f) Neon lighting is an example a type of gas-discharge lamp that
uses various gases to produce lighting.20
5

Plasma is a ubiquitous phase of matter, which naturally occurs in the form of astrophysical
(Figure 1.3a) and terrestrial (Figures 1.3b-c) sources. Artificially generated plasmas have been
found to be particularly useful for both industrial and scientific research (Figures 1.3d-e). Given
the vast variety of artificially produced plasmas, it is useful to describe the plasma based on
characteristic features such as temperature, pressure, generation source, etc. The most common
classification of plasma is based on the relative temperatures of the constituent particles. More
specifically, based on the relative temperatures of the electrons (Te), ions (Ti), and background gas
(Tg) the plasma can be classified as either being a thermal or nonthermal plasma.21,22
A thermal plasma, or an equilibrium plasma, refers to a system in which the electrons, ions,
and background gas are in thermal equilibrium with one another Te ≈ Ti ≈ Tg. The typical
temperature range of a thermal plasma is on the order of T ≥ 11600 K, or equivalently, kBT ≥ 1
eV.22,21 Given the high temperatures of species in the plasma, it is conventionally to discuss the
temperatures are conventionally described in terms of electronvolts (eV) by multiplying the
temperature by the Boltzmann constant, kB. To give a sense of numbers, room temperature T =
298 K corresponds to approximately kBT = 0.026 eV. Nonthermal plasmas refer to multiipletemperature systems, where the temperature of the electrons are on the order of kBTe ≥ 1 eV, while
the ions and background gas remain at, or near, ambient temperature Ti ≈ Tg.21,22 The large
discrepancy in the temperatures of the electrons and ions in a nonthermal plasma is due to the
preferential heating of the less massive and more mobile electrons. In addition to the temperatures
of the constituent particles of a plasma, another important metric is the density of charged species.
Here, it is customary to describe the plasma density based using a number density, which is the
number of particles occupying a particular volume. For low pressure nonthermal plasmas used for
semiconductor processing, typical electron densities, ne, are on the order of 1014-1019 m−3.22 For
6

comparison, the number density of gas molecules, ng, at atmospheric pressure and room
temperature is roughly on the order of 1025 m−3.
Owing to their unique features, nonthermal plasmas are used for a wide variety of
applications including material processing,23 lighting devices,24 and nanomaterial synthesis.25
Until recently, the majority plasma sources used for research and industrial applications operated
at low pressures (1 mTorr – 1 Torr).22 In terms of plasma-surface interactions, research was limited
to solid surfaces or solvents with very low vapor pressures.26 More recently, nonthermal plasma
sources able to operate at atmospheric pressure (760 Torr) have extended the breadth of
applications for plasma technology. The use of atmospheric pressure plasma jets (APPJs) have
been used for applications including surface cleaning,27,28 dry etching,29,30 and adhesive
bonding.31,32 Nonthermal atmospheric pressure plasmas have also enabled the study of plasmaliquid interactions, which is the focal point of this work.
Nonthermal atmospheric pressure plasmas in contact with liquids have shown great
potential for applications including for rapid would healing,33–35 wastewater treatment,36–39 and
nanomaterial synthesis.40–43 These applications utilize the fact that exploit how plasmas operating
in ambient air produce a variety of reactive gas phase species which can dissolve into the liquid
phase and react at the plasma-liquid interface.34,44 Species such as water vapor, oxygen, and
nitrogen react in the gas phase and dissolve in the liquid, generating long-lived reactive oxygen
and nitrogen species (RONS) including H2O2, NO3-, and NO2-.45 The long-lived RONS are
typically associated with promoting oxidation reactions within the liquid phase, and are the basis
for the subset of plasma-liquid interactions known as plasma-activated water (PAW).46 Plasmas
generated using noble gases (e.g. helium, argon) operating in open air act as a source of free
electrons and ions in the gas phase. Liquid-facing plasmas can inject free electrons into aqueous
7

solutions thereby generating solvated electrons.47,48 In turn, the solvated electrons are able to
promote reduction reactions within the liquid, such as the reduction of metallic salts into metal
nanoparticles.40 Similarly, plasmas consisting of noble gas and hydrogen mixtures have been
shown to produce atomic hydrogen, a highly reducing species, which was used to mediate the
reduction of silver ions into metallic nanoparticles.49
Clearly, plasma-liquid interactions are capable of promoting both reduction and oxidation
reactions within electrolyte solution, giving rise to the emerging field of plasma electrochemistry.50
Free atmospheric pressure plasmas are able to act as an electrodeless systems, which is
hypothesized to circumvent the fouling issue experienced in the case of solid electrodes.
Furthermore, plasma electrochemical cells have been shown to produce highly reducing species
such as solvated electrons, which would otherwise require harsh chemical environments to
generate.4,51 Despite these advantages over conventional electrochemical cells, plasma-liquid
systems have not been evaluated from an electrochemistry perspective. More specifically, key
parameters used to achieve highly selective chemical transformations, such as the reduction
potential, are often overlooked in plasma-liquid systems. In order to rationally design plasma
electrochemistry systems to promote desired chemical transformations, it is important to first
elucidate the electrochemical structure in an electrodeless system.

1.3 Overview of Dissertation
The ability to perform electrochemical reactions without electrodes makes nonthermal
plasma an excellent candidate for electrified-chemical processing. However, there are a number of
challenges that must be addressed in order for plasma electrochemistry to be a viable means of
performing controlled electrochemistry. The purpose of this dissertation is to evaluate plasma8

liquid systems using fundamental electrochemistry concepts rather than the conventional plasma
physics approach. The structure of the dissertation is as follows:

Chapters 2 provides a brief overview of fundamental concepts in electrochemistry to set the stage
for understanding plasma electrochemistry. Based on these principles, an experimental method for
characterizing the reduction potential in plasma-liquid systems is proposed and tested using welldefined, electrochemical cells with known reduction potentials.

Chapter 3 applies the electrochemical characterization toolkit introduced in Chapter 2 to
characterize the reduction potential near a plasma-liquid interface. Spectrophotometric methods
performed on plasma-treated molecular colorimetric redox indicators are used to independently
verify the results of the reduction potential measurements.

Chapter 4 expands upon the work of Chapter 3, performing spatial measurements of the reduction
potential in order to elucidate the locations of the anode and cathode in an electrodeless
electrochemical system. In addition to electrochemical characterization, in situ visualization of the
spatial distribution of molecular colorimetric redox indicators is used as independent confirmation
of the locations of the half-reactions determined by the spatial electrochemical measurements.

9

Chapter 5 explores the relationship between the plasma parameters (electron temperature and
electron density) in the gas phase to the reduction potential in solution. More specifically, the
measured plasma parameters are used as model inputs for predict the reduction potential at the
plasma-liquid interface and compared to experimentally measured reduction potentials.

10

Chapter 2

Electrochemical Characterization Method
Development

2.1 Electrochemical Reaction Equilibria
Given the focus on plasma electrochemistry in this dissertation, a brief overview of key
concepts in conventional electrochemistry will help set the stage for understanding reductionoxidation (redox) reactions at the plasma-liquid interface. Redox reactions are a result of electrontransfer processes occurring at the interface formed between dissimilar phases in order to establish
electrochemical equilibrium. More specifically, the driving force for electron transfer processes
arises from differences in the electrochemical potentials of electrons, μ̅ e, between separate phases
that are brought into electrical contact. Note that the electrochemical potential of electrons is
equivalent to the Fermi level, EF, used to discuss energy levels in solid state physics.52
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Figure 2.1. Electron energy of Cu and Ag. Diagram of electron energy (μ̅ e) of Cu metal and Ag
metal (a) before and (b) after brought into contact. Chemical potential of electrons given by μe
while electrostatic potential energies are given by F .
Before discussing electrochemical equilibrium in the context of electrochemical cells, let
us first consider the simple case of two different metals that are initially electrically isolated from
one another, such as the case of silver (Ag) and copper (Cu) shown in Figure 2.1a. In this example,
the electrochemical potential of electrons in phase β (i.e. Ag or Cu), μ̅ eβ , can be expressed as the
sum of the chemical potential and electrostatic potential energy given by53


 e = e + zeF 

(2.1)

where μeβ is the chemical potential of electrons in phase β, ze is the charge number of an electron
(ze = −1), F is the Faraday constant, and β is the electrostatic potential in phase β. To avoid
confusion with the various usages of “potential” used in the electrochemistry literature, the
electrochemical potential of electrons (μ̅ e) will be referred to electron energy herein. When the two
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metals are brought into electrical contact, electrons from the metal with the greater electron energy
μ̅ e (higher Fermi level) will be transferred to the metal with the lower electron energy (lower Fermi
level) in order to equilibrate their electron energies (Figure 2.1b). In the case of Ag and Cu, the
equilibrium expression would be
Cu

Ag

e = e .

(2.2)

To satisfy this condition, the electrons in Cu, which are initially higher in energy, are transferred
to Ag. Using Equation 2.1 to express the equilibrium condition in terms of the chemical potential
and electrostatic potential energy of each metal yields

eCu − F Cu = eAg − F Ag .

(2.3)

Introducing a simplifying expression for the change in electrostatic potential, φ, given by
 =  Ag −  Cu

(2.4)

and similarly, an expression for the change in chemical potential of electrons expressed as

e = eAg − eCu

(2.5)

Equation 2.3 can be rearranged and simplified to relate the change in electrostatic potential to the
change in chemical potential of electrons by
 =

e
.
F

(2.6)

Here, we see that bringing two separate metals into electrical contact with one another (i.e. creating
a short-circuit) forces their electron energies to become equal. As a result, a flow of electrical
13

Figure 2.2. Electron energy of metal M and electrolyte solution S. Diagram of electron energy
(μ̅ e) of metal M and electrolyte S (a) before and (b) after brought into contact. Chemical potential
of electrons given by μe while electrostatic potential energies are given by F .
current develops and induces an electrostatic potential difference with a magnitude that is related
to the difference in electron energy prior to contact.
Extending the discussion of electrochemical equilibrium in the context of electrochemical
cells, consider a half-cell comprised of a solid metal electrode immersed in an aqueous electrolyte
solution. The electrolyte contains a redox couple containing both the oxidized (O) and reduced (R)
forms, which react reversibly with the general form
 OO + ne

 RR

(2.7)

where νO and νR are the stoichiometric coefficients for O and R, respectively, n is the number of
electrons taking part in the charge-transfer reaction, and e is an electron residing in the metal
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electrode. Prior to establishing contact between the metal electrode and electrolyte (Figure 2.2a),
the ‘Fermi level’ of the solution, μ̅ es, can be written as54
s

s

R /O
 − O
e = R
= e .
n
s

(2.8)

where μ̅ Rs and μ̅ Os are the electrochemical potentials of the R and O forms of the redox couple in the
solution, respectively, and μ̅ eR/O is the electron energy of the R/O redox couple. Similar to the
previous case, when the metal electrode and solution are brought into contact, the initial difference
in their electron energies drives a charge transfer process between the phases thereby creating an
electrostatic potential difference. Setting the electron energies of the metal and solution equal to
one another, the chemical potential and electric potential energies can be related as follows

 M −  R /O =

eM − eR /O
F

(2.9)

where  and μeM are the electrostatic and chemical potentials for the electrode made comprised of
metal M in the electrochemical half-cell (Figure 2.2b). Taking this a step further, we can introduce
the reduction potential, E, which can be defined as55,56

E=−

e
F

.

(2.10)

Note, this expression is with respect to the vacuum level. The chemical potential of electrons in
Equation 2.10 is replaced with the electron energy when taken with respect to an arbitrary reference
point. Combining Equations 2.1 and 2.10, Equation 2.9 can be re-written as
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 M −  R /O = ER /O − EM .

(2.11)

Here, we see that the electrostatic potential difference formed when the metal and solution are
brought into contact is equal to the differences in the reduction potentials of the two phases prior
to contact. In the case of the R/O redox couple, a concentration dependence on the relative
composition of the solution can be introduced by expanding the chemical potential term as53



R /O
e

=

*R / O
e

RgT  CRR 
−
ln   O 
n
 CO 

(2.12)

where μe*R/O is the standard state chemical potential of electrons for the R/O redox couple, Rg is the
gas constant, T is the absolute temperature, and CR and CO are the molar concentrations of R and
O, respectively. Dividing both sides by the Faraday constant, we arrive at the Nernst equation13

ER / O = ER / O +

RgT  CO O 
ln
nF  CRR 

(2.13)

where E°R/O is the standard reduction potential for the R/O redox couple. Similar to the cases of two
different metals brought into contact, Equation 2.11 demonstrates that charge transfer is initiated
between the metal and electrolyte solution are brought into contact that produces an electrostatic
potential difference. In this case, the induced electrostatic potential difference is equal to the
differences in the reduction potentials between the solution and the metal prior to contact. For a
redox couple in solution, the differences in reduction potentials can be tuned by adjusting the
concentrations of R and O in the solution.
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2.2 Characterization of the Reduction Potential
2.2.1 Conventional Electrochemical Systems
In conventional electrolytic cells, highly selective chemical transformations are achieved
by controlling the reduction potential at the electrode-electrolyte interface. In a conventional
electrolytic cell, a three-electrode configuration is adopted where the reduction and oxidation
reactions take place on the surfaces of the working and counter electrodes, which are connected
via an external circuit. Given that the reaction of interest occurs at the working electrode, the
reduction potential at the electrode-electrolyte interface is monitored using a reference electrode,
which is an electrode maintains a constant, well-defined known voltage. The measured voltage
difference between the working electrode and reference electrodes is referred to as the electrode
potential. The external circuit is used to bias to the working electrode, and any changes in the
measured electrode are used as a feedback loop to adjust the applied bias. The key idea behind
these systems is that the working electrode constrains the local reduction potential in solution to a
particular value and that the redox reactions proceed in the direction to reach local equilibrium
with that reduction potential.

2.2.2 Plasma-Liquid Systems
Nonthermal plasma in contact with liquids yield a variety of reactive species including free
electrons, atomic and molecular ions, radicals, and high energy photons. These excited species can
be transported from the gas phase into the liquid, initiating charge-transfer reactions at the interface
formed between the plasma and liquid.57 The plasma-liquid interface is an electrochemical
interface that has been utilized to perform electrochemical reactions including carbon dioxide
reduction,58,59 nitrogen fixation,60,61 and the hydrogen evolution rection.62 Plasma-produced
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species including atomic hydrogen49 and solvated electrons47,63 have been shown to reduce metal
salts into colloidal nanoparticles,64–66 while reactive oxygen and nitrogen species (RONS) have
been used for oxidation reactions in the plasma activated water (PAW) literature.67–69 Despite the
fact that the plasma-liquid interface has been used to promote reduction-oxidation (redox)
reactions, only a few reports evaluating the reduction potential at the plasma-liquid interface
exist.57,70
The PAW literature is typically concerned with characterizing the so-called oxidationreduction potential (ORP) of solutions before and after plasma treatments, using a device known
as an ORP sensor.70 The operating principle of an ORP sensor is based on immersing an inert metal
electrode, typically a platinum wire, in the test solution.71 When brought into contact with the
solution, the Pt electrode and species within the solution will exchange electrons in order to
equilibrate and produce an electric potential, which is measured with respect to a reference
electrode, typically a saturated silver-silver chloride (Ag/AgCl) electrode. While ORP
measurements are useful for understanding the net redox behavior of solutions exposed to plasma,
these offline measurements are not particularly useful for understanding how to use plasma-liquid
systems for controlled electrochemistry.
Identifying and characterizing an equivalent parameter to the electrode potential measured
conventional electrochemical systems is not a straightforward matter in plasma-liquid systems.
Even in the case plasma-assisted electrochemistry configurations, the significant voltage drop
across the plasma prevents the implementation of a reference electrode near the plasma-liquid
interface.50 Rather than measuring the voltage near the plasma-liquid interface relative to an
external reference, a more useful measurement would be one made relative to the unaffected bulk
solution. Measuring differences in the local electrostatic potential in electrolyte solutions using
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reference electrodes has been used in various research fields.72,73 In the corrosion literature, the
scanning reference electrode technique (SRET) uses identical reference electrodes to sense ionic
current within solution in order to monitor localized corrosion in real-time.74,75 The SRET method
is also used to identify local anodic and cathodic regions in solution based on the relative values
of the voltage differences.74,76 The voltage difference measured identical reference electrodes is
related to (ionic) current in solution by Ohm’s law using77,78

j = −

(2.14)

where j is the current density,  is the electrical conductivity of the solution, and ∇φ is the spatial
gradient in the electrostatic potential.
While SRET has clearly demonstrated the ability to identify anodic and cathodic regions
in solution, the applicability of this method to characterize electrodeless electrochemical systems
has not been addressed or investigated. Herein, the purpose of this work is to determine if the
voltage measured between identical reference electrodes within solution can be used to assess the
reduction potential in solution using well-defined electrochemical systems. More specifically, the
method will be used to measure the reduction potential in galvanic and electrolytic cells under
controlled conditions. Recall that the magnitude of the electrostatic potential is equal to the
difference in reduction potentials of the phases involved in the reaction. Given that the current
density sensed by the reference electrodes is related to the spatial gradient of the electrostatic
potential, the hypothesis is that the measurement should be proportional to the reduction potential
of the electrochemical cell if the solution is the largest resistance to current flow. The applicability
to plasma-liquid systems will be evaluated based on estimates of the relative conductivities
between the plasma and solution.
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2.3 Experimental
2.3.1 Materials
Copper (II) nitrate trihydrate (purum p.a., 98.0-103%), silver nitrate (ACS reagent,
≥99.0%), zinc nitrate hexahydrate (reagent grade, 98%), sodium nitrate (ReagentPlus®, ≥99.0%)
agar powder, and potassium chloride solution (~3 M KCl, saturated with silver chloride) were
purchased from MilliporeSigma. All chemicals were used as received without further purification.
All solutions were prepared using Type III ultrapure (18.2 MΩ cm) water from a Direct-Q 3 Water
Purification System (MilliporeSigma). Copper (trace metals basis, 99.98%), silver (trace metals
basis, 99.99%), and zinc (trace metals basis, 99.9%) were purchased from MilliporeSigma.

2.3.2 Electrochemical Cell Construction
Electrochemical cells were constructed by preparing individual half-cells in 180 mL glass
crystallizing dishes. The Ag, Cu, and Zn electrodes were rectangular metal strips with nominal
dimensions of 5 mm × 25 mm. Solutions of AgNO3, Cu(NO3)2, and Zn(NO3)2 were each prepared
in concentrations of 0.01 M and 1.00 M. The salt bridge used to complete the electrochemical cell
was constructed by bringing a 100 mL solution of 2.0 M NaNO3 containing 1.00 g of agar to a
boil.

2.3.3 Electrochemical Measurements: Metal Electrodes
The voltage differences of the metal electrodes of the Cu-Ag and Zn-Cu galvanic cells were
measured using a source meter unit (SMU, Model 2400, Keithley), sourcing a current of i = 0.0
mA and measuring the voltage. For the Cu-Ag electrochemical cell, the positive lead was attached
to the Ag electrode and referenced to the Cu electrode for both the galvanic and electrolytic cell
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configurations. In the case of the Zn-Cu galvanic cell, the positive lead was connected to the Cu
electrode and referenced to the Zn electrode.

2.3.4 Electrochemical Measurements: Reference Electrodes
The voltage difference between identical Ag/AgCl reference electrodes using a digital
multimeter (DMM6500, Keithley) under short-circuit conditions. For the Cu-Ag electrochemical
cell, the reference electrode taken to be the positive lead was placed in the Ag half-cell and
measured with respect to the reference electrode in the Cu half-cell for both the galvanic and
electrolytic cell configurations. The voltages difference in the Zn-Cu galvanic cell was measured
taking the reference electrode in the Cu half-cell to be the positive lead and measured with respect
to the Zn half-cell.

2.3.5 Double Langmuir Probe Measurements
The plasma conductivity was determined using a double Langmuir probe (DLP, Impedans
LTD) using platinum tips that were 0.36 mm in diameter, 1.5 mm in length, and separated by a
spacing of 3.0 mm. The plasma source characterized was a helium atmospheric pressure plasma
jet (APPJ) generated a radiofrequency (RF, 13.56 MHz) power supply (AG 0613, T&C Power
Conversion) connected to an impedance matching network (AIT-600 RF Auto Tuner, T&C Power
Conversion). The powered electrode was an aluminum ring mounted on a fused silica tube with
inner and outer diameters of 7 and 9.5 mm, respectively. An identical aluminum ring electrode
was connected to ground and mounted at a lower position on the tube. The spacing between the
powered and grounded electrodes was 9.5 mm. The helium flow rate was maintained at 30.5
standard liters per minute by means of a critical flow orifice that was 300 μm in diameter. The
plasma was generated using an applied RF power of 200 W in open air, operating as a free jet. The
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platinum tips of the DLP were positioned 10 mm below the end of the APPJ tube ending and
centered about the luminous region of the plasma. The DLP probe tips were biased over the range
of −100 to +100 V in increments of 1 V, while simultaneously measuring the resulting current.
Approximating the DLP geometry using a parallel axis (paraxial) cylinder model, where the
interelectrode voltage and current can be used to calculate the electrical conductivity between the
cylinders, current-voltage (IV) traces from the DLP measurements were used to approximate the
plasma conductivity.

2.4 Results & Discussion
2.4.1 Electrochemical Measurements
The goal of this work was to understand if the measured voltage difference between
identical reference electrodes could be used as a tool to characterize the reduction potential in
solution using well-defined electrochemical systems. To address this, we perform a comparative
study evaluating the voltage differences measured between (i) solid metal electrodes and (ii)
reference electrodes which are in separate half-cells in a well-defined electrochemical cell. The
voltage difference between metal electrodes, ΔEME, was measured under open-circuit conditions
(i.e. i = 0.0 mA) taking the metal with the more positive reduction potential to be the positive lead
of the voltmeter and the metal with the more negative reduction potential to be the negative lead.
The voltage difference between reference electrodes, ΔERE, was determined under closed-circuit
conditions (i.e. i ≠ 0.0 mA) measuring the local potential of a reference electrode in the electrolyte
solution of the half-cell containing the metal with the more positive reduction potential with
respect to an identical reference electrode in the electrolyte of the half-cell containing the metal
with the more negative reduction potential. Note that the measurements of ΔEME and ΔERE were
performed under different operating conditions for the galvanic cells. This is due to the fact that
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Figure 2.4. Schematic depiction of ΔEME and ΔERE measurements in galvanic cell. (a)
Schematic representation of ΔEME measurement procedure, where the voltage was measured
between the metal electrodes under open-circuit conditions. (b) Schematic illustrating the
procedure for ΔERE measurements, where identical Ag/AgCl reference electrodes were measuring
the local potentials in solution under short-circuit conditions. In both cases, the measured voltages
were taken with the positive lead going to the Ag/Ag+ half-cell and referenced to the negative lead
in the Cu/Cu2+ half-cell.
ΔEME was nominally 0.0 V under closed-circuit conditions, and ΔERE was nominally 0.0 V under
open-circuit conditions.
A schematic illustrating how the ΔEME and ΔERE measurements were performed for the
Cu-Ag galvanic cell is shown in Figure 2.4, with the values of the measurements for various
concentrations of AgNO3 and Cu(NO3)2 listed in Table 2.1. Recall that the cell potential various
as a function of concentration given by the Nernst equation in Equation 2.13. In galvanic cells, the
cell voltage is taken to be the difference in reduction potentials of the cathode (i.e. half-cell where
reduction occurs) and the anode (i.e. half-cell where reduction occurs). Given this convention,
ΔEME = EAg – ECu is equivalent to the measurement of the cell voltage. The most striking difference
between the two measurement techniques is that the magnitudes are similar (i.e. |ΔEME| ≈ |ΔERE|)
for each combination of AgNO3 and Cu(NO3)2 concentrations, but the signs of the measured
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voltages are opposite of one another (i.e. ΔEME ≈ −ΔERE). A similar trend between the ΔEME and
ΔERE measurements was also observed in the case of the Zn-Cu galvanic cell, which is summarized
in Table 2.2. Namely, the magnitudes of both measurements were similar for the different
combinations of Cu(NO3)2 and Zn(NO3)2 concentrations, but the signs were opposite of one
another. Thus, the reference electrode method appears to be able to measure the magnitude of the
cell voltage, which is related to the reduction potential difference between the half-cells, but
consistently measured the opposite sign compared to the ΔEME measurements of the cell voltage.
Table 2.1: Summary of ΔEME and ΔEME for Cu-Ag Galvanic cell. Measured values of ΔEME
performed under open-circuit conditions and ΔERE performed under short-circuit conditions for
the Cu-Ag galvanic cell for various electrolyte concentrations.

[Cu2+]/[Ag+]2 [Ag+] / M [Cu2+] / M ΔEME / V
10000
0.01
1
0.301
1
1
1
0.427
100
0.01
0.01
0.433
0.01
1
0.01
0.524

ΔERE / V
−0.313
−0.401
−0.420
−0.487

Table 2.2: Summary of ΔEME and ΔEME for Zn-Cu Galvanic cell. Measured values of ΔEME
performed under open-circuit conditions and ΔERE performed under short-circuit conditions for
the Zn-Cu galvanic cell for various electrolyte concentrations.

[Zn2+]/[Cu+2] [Cu2+] / M [Zn2+] / M ΔEME / V
100
0.01
1
0.832
1
0.01
0.01
0.860
1
1
1
0.881
0.01
1
0.01
0.971
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ΔERE / V
−0.852
−0.884
−0.893
−0.951

Given that the corrosion literature attributes the voltage difference of the SRET technique
as a response to ionic current in solution, the Cu-Ag electrochemical cell was operated using a
galvanostat (current source) to vary the current flow between the electrodes of the half-cells shown
schematically in Figure 2.4a. In this case, ΔERE was measured as a function of current supplied
between the metal electrodes taking the Ag half-cell and Cu half-cell to be the positive and negative
leads, respectively. The source meter supplied current to the electrochemical cell with the Ag and
Cu electrodes to be the positive and negative leads, respectively. Here, a negative current
corresponds to electrons flowing from the Cu electrode to the Ag electrode (red arrow Figure 2.4a,
Cu is oxidized and Ag is reduced) while a positive current indicates electrons are flowing from the
Ag electrode to the Cu electrode (blue arrow Figure 2.4a, Ag is oxidized and Cu is reduced). The
measured values of ΔERE as a function of applied current are shown in Figure 2.4b. Under opencircuit conditions (i = 0.0 mA), the nominal value of ΔERE was found to be 0 V. This observation
is consistent with the idea that the voltage measured between the reference electrodes is due to
ionic current flow. When the source meter was used to set ΔEME = 0 V, the measured current was
found to be i = −15.0 mA and the voltage between the reference electrodes was ΔERE = −0.412 V.
As the polarity of the current was reversed to i = +15.0 mA, the voltage differences measured
between the reference electrodes was found to be ΔERE = +0.418 V.
The results of the ΔERE measurements under the electrolytic cell configuration provide
several insights regarding the reference electrode technique. As mentioned, the measured voltage
difference of ΔERE = 0 V when the current between metal electrodes was forced to i = 0.0 mA is
consistent with the corrosion literature, which attributes the measured voltage due to the flow of
ionic current within solution.73,74 This is also supported by the observed magnitude of ΔERE
remaining unchanged for a given pair of ±i. Another important takeaway was that for negative
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currents (i < 0.0 mA), the electrochemical cell was acting as a galvanic cell. In each case where
the reduction of Ag+ was occurring at the Ag half-cell, sign of ΔERE was found to be negative.
Conversely, for all i > 0 mA, oxidation was taking place at the Ag half-cell while reduction was
occurring in the Cu half-cell. Under these conditions, the sign of ΔERE was found to be positive.
Taken together, the experimental results suggest that the sign of the measurement can be used as
an indicator for the type of reaction occurring (i.e. ΔERE < 0 for reduction and ΔERE > 0 V for
oxidation).

Figure 2.5. Measurement of ΔERE as a function of applied current in Cu-Ag electrochemical
cell. (a) Schematic representation of how the ΔERE measurements were performed as a function of
current applied between the electrodes in the Cu-Ag electrochemical cell. The electrolyte
concentrations were 0.01 M for both Cu(NO3)2 and AgNO3. Red and blue arrows indicate direction
of negative and positive current flow, respectively. (b) The measured values of ΔERE as a function
of current sourced between the Ag and Cu electrodes. Red and blue arrows indicate currents that
correspond to Ag reduction and oxidation, respectively.

2.4.2 Plasma Conductivity Measurements
The conductivity a helium atmospheric pressure plasma jet was estimated using currentvoltage measurements acquired using a double Langmuir probe (DLP). Approximating the Pt
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probe tips that are inserted into the plasma as parallel axis (paraxial) cylinders, the electric field
can be found using Gauss’ law77

 E  dA =

Qenc



(2.15)

where E is the electric field vector, A is the area vector, Qenc is the charge enclosed, and ε is the
permittivity. The radial component of the electric field is given by

Er =


2 0 rr

(2.16)

where λ is the linear charge density, ε0 is the permittivity of free space, εr is the relative permittivity,
and r is the radial distance from the outer radius of the electrode r0. Integrating Equation 2.16 with
respect to the x-axis gives the interelectrode voltage, V

V=


 2a 
ln  − 1
 0 r  r0 

(2.17)

where a is the interelectrode spacing between the platinum tips. The current density, j, between
electrodes is given by

j =E .

(2.18)

where  is the plasma conductivity. The interelectrode current, i, is found by integrating the current
density with respect to the area enclosed which gives

i=

 L
 0 r
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(2.19)

where L is the length of the Pt electrodes. Rearranging the Equations 2.17 and 2.19 in terms of the
linear charge density, and solving for conductivity gives

=

i
 2a 
ln  − 1 .
V  L  r0


(2.20)

Using the experimental IV traces (Figure 2.6) obtained from the DLP for the helium plasma jet,
the conductivity was found to be  ≈ 780 μS cm−1. The conductivity in a weakly ionized plasma
can be calculated using the expression79

 = qee,+ne

(2.21)

where qe is the fundamental charge, μe,+ is the electron mobility for a particular ionic species, and
ne is the electron density. In the case of a helium at atmospheric pressure, the mobility is given by
μe = 0.1194 m2 V−1 s−1.80 Using an electron density of ne = 1∙1021 m−3 Equation 2.21 yields a plasma
conductivity value of  = 19,302 μS cm−1.

Figure 2.6. Double Langmuir Curve IV Traces. Characteristic IV traces obtained by DLP for
atmospheric pressure helium plasma jet (shown in the inset image).
28

The conductivity values for the solutions will be investigated in the following few chapters
vary over the range of 102 to 104 μS cm−1. However, for the sake of the discussion, a solution with
a nominal conductivity of  = 300 μS cm−1 will be assumed. The estimates for the plasma
conductivity obtained from the DLP measurements and the calculation are approximately greater
than the solution conductivity by factors of 2.5 and 600, respectively. In this case, the relatively
similar conductivity values suggest that the solution will not necessarily be the largest resistance
to current flow in plasma-liquid systems. Here, the electrostatic potential drop cannot be assumed
to only occur in the liquid; rather, a portion would be expected to drop in the plasma. Thus, the
reference electrode measurement will only reflect the true difference in reduction potentials
between two zones (e.g. the plasma-liquid interface and bulk solution) under certain
circumstances.

2.5 Conclusions
In the case of electrochemical cells, the separate zones (i.e. half-cells) each have a
particular reduction potential. When these half-cells are short-circuited, their electrons energies
must equilibrate thereby initiating charge-transfer reactions. In response to this charge-transfer
process, an electrostatic potential difference develops that is equal to the differences in the
reduction potentials of the half-cells before contact. If one can assume that the electrolyte solution
is the largest resistance to current flow, the electrostatic potential drop is expected to only occur
within the liquid. Under these special circumstances, the reference electrode measurement will be
representative of the differences in reduction potentials.
In the case of a galvanic cell, the differences in the reduction potential between the halfcells is given by the cell potential. For both the Cu-Ag and Zn-Cu galvanic cells examined, the cell
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potentials were directly determined in the ΔEME measurements. The similar magnitudes observed
between the ΔEME and ΔERE measurements suggested that the reference electrode method was also
a measurement of the difference in reduction potential between the half-cells, albeit opposite in
sign. In other words, in the ideal scenario where the electrostatic potential drop only occurs in the
solution, the upper-bound of the ΔERE measurement is equal in magnitude to the difference in
reduction potential between the zones the reference electrodes are measuring.
In the case of the electrolytic cell experiments, the measurement of ΔERE as a function of
current was consistent with reports attributing the measured voltage to (ionic) current. Here, the
reference electrodes were measuring the local potential in the Ag half-cell with respect to the Cu
half-cell. In the case of i < 0.0 mA, reduction was taking place in the Ag half-cell. The magnitude
of ΔERE varied as i became more negative, but the sign of ΔERE was consistently negative.
Conversely, oxidation was taking place in the Ag half-cell for all i > 0.0 mA, where the sign of
ΔERE was found to be positive in all cases. Thus, the measured sign of ΔERE in the electrolytic and
galvanic cell experiments suggest that the technique is able to indicate whether an oxidation or
reduction half-reaction is taking place. More specifically, ΔERE < 0 V suggest that reduction is
occurring, while ΔERE > 0 V indicate that oxidation is taking place.
For plasma-liquid systems, estimates for the conductivity of plasma and electrolyte
solution were found to be on similar orders of magnitude. In this case, the assumption that the
solution is largest resistance to current flow is not always applicable. In other words, it is
reasonable to expect that a portion of the electrostatic potential drop will occur in the plasma.
Consequently, the voltage difference measured between two zones in a plasma-liquid system (e.g
the solution near plasma-liquid interface and bulk solution) will be less than, or equal to, the true
difference in reduction potential. In solutions with relatively low conductivities, the measured
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ΔERE will be more representative of the true difference in reduction potential. The relative
magnitude of ΔERE can still provide insights regarding whether a reaction is thermodynamically
favorable under a particular set of conditions or not. Additionally, the sign of the ΔERE
measurement could also prove useful for determining regions in which reduction or oxidation are
favored. This is particularly useful in the case of electrodeless systems, where the locations of
redox reactions are not immediately obvious.
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Chapter 3

Electrochemical Characterization of a
Plasma-Liquid Interface

3.1 Introduction
Nonthermal plasmas operating at atmospheric pressure have been used for a variety of
applications in the fields of medicine,81–84 agriculture,85,86 material processing,32 and nanomaterial
synthesis.40,87,42 These applications typically utilize plasmas as a potent source of energetic species
including radicals,88 atomic and molecular ions, and high-energy photons89 to initiate chemical
reactions in aqueous media.88–90 Atmospheric pressure plasmas using noble gases, such as helium
and argon, have been shown to inject free electrons into aqueous media, wherein they become
solvated and induce electrochemical reactions.50,63 These electrochemical, or reduction-oxidation
(redox) reactions occurring at the interface of plasmas in contact with liquids offer the capability
of performing electrochemistry without solid electrodes. An electrodeless approach is
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hypothesized to circumvent the disadvantages of physical electrodes, such as susceptibility to
fouling11,10 and oxidation.91 As such, plasma electrochemistry has attracted attention as a means
of achieving novel electrochemistry. However, remarkably little is known about the
electrochemical nature of the plasma-liquid interface, hindering the ability to rationally design
redox reactions.
Redox reactions in conventional electrochemical systems are understood in terms of the
reduction potential, which is the key parameter that describes the energy of electrons and their
propensity to reduce chemical species. Typically, the reduction potential is controlled by applying
a voltage to a working electrode comprised of a metal or semiconductor that is immersed in the
liquid electrolyte. The working electrode is connected to a counter electrode via an external circuit
(e.g. conducting wire, power supply, etc.), allowing current to flow between the two electrodes.
The reduction potential is determined by measuring the voltage difference between the working
electrode and a nearby reference electrode, which is an electrode with a well-defined chemical
composition that forms a chemically stable interface with the unknown solution. The reference
electrode senses the local reduction potential, and the voltage is affected by both the local
electrostatic potential and chemical potential of different species. If the goal is to isolate the
chemical potential contribution, then the measurement is performed under conditions where an
assumption can be made that the electrostatic potential difference between the working and
reference electrodes is negligible. In the case of a free plasma jet in contact with a liquid, the
electrostatic potential in the plasma is significantly greater than in the reference electrode and the
assumption is no longer valid. While some characterization of the reduction potential in plasmaliquid systems have been reported,68,92 these measurements were performed offline and did not
directly measure the effect that the plasma has on the reduction potential. Given that the redox
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reaction of interest is occurring in the liquid phase, the goal should be to characterize the reduction
potential on the liquid side of the plasma-liquid interface. Rather than measuring the potential of
the plasma itself, characterization of the potential directly beneath the liquid surface at the plasma
interface would be more representative of the reduction environment controlling reactions in
solution. The reduction potential of the plasma-liquid interface (PLI) is given the symbol EPLI.
The measurement of EPLI should be referenced to a potential at some position in the solution
which is not immediately affected by the plasma-liquid interface, such as the potential in the bulk
solution, Einf. The value of Einf is influenced by the relative concentrations of the oxidized and
reduced forms of the species in solution, which can be expressed using the Nernst equation.
Consider a simple electrochemical half-reaction of the form
O z + ne− → R z − n ,

(3.1)

where O and R are the oxidized and reduced forms of the Oz/Rz−1 redox couple, respectively. The
Nernst equation can be expressed as13

Einf

RT CO*
= E0 +
ln
,
nF CR*

(3.2)

where E0 is the standard reduction potential of the redox couple, R is the ideal gas constant, T is
the temperature, n is the number of electrons involved in the electron-transfer reaction, F is the
Faraday constant, and CO* and CR* are the concentrations of the oxidized and reduced species in
the bulk, respectively. For a single redox couple in solution, the difference between EPLI and Einf
can be written using the same functional form as the overpotential used in electrochemistry as
PLI = EPLI − Einf .
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(3.3)

Recall from Chapter 2, the magnitude of ηPLI only provides an upper-bound for the reduction
potential difference between the plasma-liquid interface and the bulk solution. Herein, ηPLI will be
considered to be the relative reduction potential of the plasma-liquid interface, which can be used
to determine the direction of the redox reaction. If it is negative, then the reaction proceeds from
oxidized to reduced, and if it is positive, then the reaction proceeds from reduced to oxidized.
In this work, we present a method of electrochemically characterizing the relative reduction
potential of plasmas in contact with solutions comprised of a single redox couple. The method
relies upon measuring the difference in potential directly beneath the plasma-liquid interface
relative to the potential in the bulk solution. Using redox indicators, which are compounds that
undergo oxidation state-dependent color changes, colorimetric assays were performed to compare
reduction kinetics to electrochemical measurements. Indigo carmine (IC) and methyl viologen
(MV) were selected as model redox indicators for two reasons: (1) the use of a redox indicator
defines the half-reaction in which the electrical measurements are referenced to (i.e. determines
the value of Einf) and (2) the different properties of the molecular probes allow us to provide
alternative approaches for determining if the plasma is decomposing the organic molecular probe.
The observed reaction of the redox indicators at extremely small values ηPLI suggest that the
electrostatic potential is dropped in both the plasma and the liquid, as discussed in Chapter 2.
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3.2 Experimental
3.2.1 Plasma Source
The plasma source used in all experiments was an atmospheric pressure plasma jet (APPJ),
shown in Figure 3.1a. The plasma was generated using a 13.56 MHz RF power supply (AG 0613,
T&C Power Conversion) connected to an impedance matching network (AIT-600 RF Auto Tuner,
T&C Power Conversion). The powered electrode was an aluminum ring mounted on a fused silica
tube with inner and outer diameters of 7 and 9.5 mm, respectively. An identical aluminum ring
electrode was connected to ground and mounted at a lower position on the tube. The spacing
between the electrodes was 9.5 mm. The plasma was generated using helium as the operating gas,
flowing through the tube at a rate of 30.5 standard liters per minute. The flow rate was controlled
by means of a critical flow orifice that was 300 μm in diameter. The APPJ apparatus was housed
in a cylindrical aluminum enclosure with an outer diameter of 85 mm and a length of 140 mm to
provide shielding against electromagnetic interference emitted from the plasma jet. All plasma

Figure 3.1. Experimental Apparatus. (a) Image of the APPJ in contact with an aqueous solution
and (b) schematic representation of the experimental setup used to conduct the electrochemical
measurements.
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treatments were conducted under ambient conditions in air with a relative humidity in the range of
50-55%.

3.2.2 Electrochemical Characterization of Plasma-Liquid Interface
Electrochemical characterization of solutions was conducted using silver/silver
chloride/saturated potassium chloride (Ag/AgCl/saturated KCl) reference electrodes (Ø = 3 mm)
connected to a digital multimeter (DMM6500, Keithley) and an in-line low pass RF filter (Crystek
Corporation). Note that the diameter was selected to avoid interruptions in the measurement due
to the presence of ripples on the liquid surface. The perturbing effects can be suppressed by
lowering the gas flow rate, if higher spatial resolution using smaller refence electrodes is desired.
The reference electrodes were submerged in crystallization dishes containing 250 mL of freshly
prepared redox indicator solution. The preparation of the redox indicator solutions is described
below. The relative height of the crystallization dish was adjusted such that the liquid level was at
a fixed distance of 15 mm from the ground electrode of the APPJ. The reference electrode
measuring the potential of the bulk solution, Einf, was positioned in the solution at a distance far
away from the plasma jet. The reference electrode measuring the potential of the plasma-liquid
interface, EPLI, was placed directly underneath the plasma sheath region, as close to the surface as
experimentally possible similar to the schematic in Figure 3.1b. The plasma was ignited for a
duration of 30 seconds using a fixed RF power and immediately turned off for a 20 second period
before re-igniting the plasma at a different applied RF power. The RF powers used in the
experiments were 60, 100, 140, 180, and 220 W. The mean and standard deviation of the measured
relative reduction potential at each RF power was determined using the data acquired during the
duration the plasma was ignited.
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3.2.3 Colorimetric Assays of Redox Indicators
Indigo carmine (IC) and methyl viologen (MV) are redox indicators, which are molecular
probes that undergo color changes depending on the oxidation state of the molecule. IC exists in
an oxidized keto form, IC2−, and a reduced enol form, H2IC2−, with characteristic absorption peaks
around 610 and 400 nm, respectively.93 MV can exist as a dication (MV2+), a radical cation (MV+),
and as a fully reduced molecule (MV0) with each oxidation state having characteristic
spectroscopic features. MV2+ has an absorption maximum at a wavelength of 257 nm, MV+ has
two peaks at 400 and 600 nm, and MV0 has a maximum absorption at 390 nm.94,95 IC and MV
were purchased from MilliporeSigma and used as received. Fresh IC and MV stock solutions were
prepared using deionized water (18.2 MΩ cm) prior to each experiment. The nominal initial
concentrations of the IC and MV solutions were 25 μM and 2.5 mM, respectively. The pH of the
stock solutions were adjusted to pH > 11 using sodium hydroxide purchased from Fisher Scientific.
The pH was measured using pH probes (PHE-1478, Omega Engineering) before and after plasma
treatments. Aliquots containing 70 mL of initially identical IC and MV were positioned such that
the liquid level was at a distance of 15 mm from the ground electrode of the APPJ. The solutions
were treated at different applied RF powers for 8 minute durations. The RF powers used in the
experiments were 60, 100, 140, 180, and 220 W. Immediately after plasma exposure, 2 mL of the
treated solution was transferred to a cuvette for ultraviolet–visible (UV-Vis) absorption
spectroscopy. Treated solutions were compared to the untreated stock solution in order to
determine the amount that had reacted. UV-Vis absorption spectra were measured on a Cary 50
Bio spectrophotometer (Varian) over the wavelength range of 300–700 nm.
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3.2.4 Electrochemical Reduction
MV0 standards are required to use liquid chromatography to analyze the products of
reaction. Pure MV0 standards are not commercially available. Thus, we prepared MV0 standards
using a conventional three-electrode technique. Electrochemical reduction was performed on
MV2+ stock solutions with nominal concentrations of 2.5 mM and pH > 11 for product comparison.
The electrochemical reduction was performed using a two-compartment electrochemical cell, in
which the working and auxiliary electrodes were separated by a salt bridge containing 2% agar
solution. The working electrode was gold foil with an area of 2 cm2 with Ag/AgCl/saturated KCl
and platinum wire acting as the reference and auxiliary electrodes, respectively.
Chronoamperometry was used to apply a constant potential of −1.0 V vs SHE to the working
electrode for a duration of 3 hours controlled using a potentiostat (SP-150, BioLogic). Following
the electroreduction, 3 mL of solution was transferred for spectroscopic characterization.

3.2.5 Spectroscopic Characterization
MV samples were characterized spectroscopically to detect if any byproducts were formed
during electrochemical reduction or plasma treatment processes. Two MV solutions were prepared
for plasma treatment, each with a nominal concentration of 2.5 mM. One of the solutions was
plasma-treated with an unadjusted pH of 7, while the other was treated with an adjusted pH > 11.
Treatments were conducted for a duration of 8 minutes using an applied RF power of 220 W.
Immediately after treatment, 3 mL of the treated solutions were transferred to cuvettes for
spectroscopic characterization. The excitation wavelength to be used for the fluorescence emission
spectroscopy was determined using the maximum absorbance wavelength of the MV solutions as
measured by a spectrophotometer (UV-1800, Shimadzu) scanning over the range of 300–700 nm.
The fluorescence emission spectra of the MV solutions for each preparation method was acquired
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on a spectrofluorometer (RF-6000, Shimadzu) using an excitation wavelength of 390 nm, scanning
over the wavelength range of 400–750 nm.

3.2.6 Product Analysis
Products from electrochemically reduced and plasma-treated solutions were analyzed
using High Performance Liquid Chromotography with UV detection (HPLC-UV, 1260 Infinity II,
Agilent) which was equipped with an C18 column (3.0 mm × 150 mm, 3.5 μm, Eclipse Plus,
Agilent). The aqueous phase was 10 mM boric acid (pH 9.5) and the organic phase was
acetonitrile/water (95/5, v/v) with a flow rate of 0.5 mL/min and an injection volume of 50 μL.
For gradient elution, the organic phase was held at 3.5% for 8 min, adjusted to 50% at 9 min and
held till 12 minutes, then returned to 3.5% at 12.2 minutes. Absorbance was measured at 390 nm.
Three product peaks were observed with retention times of 6.8, 8.9, and 11.0 minutes that had
areas proportional to the concentration of MV0 in solution.

3.2.7 Conductivity Measurements
Conductivity measurements were performed to determine if electrostatic shielding, by
mobile ions in solution, influenced the electrochemical measurements. The conductivity of IC and
MV solutions were determined with a conductivity meter (0162A1, Thermo Scientific Orion). An
identical IC solution was prepared using the same procedure as in the colorimetric assays with an
additional conductivity adjustment step. Sodium chloride (NaCl), purchased from MilliporeSigma,
was used to adjust the conductivity of the IC solution such that it matched the conductivity of the
MV solution. Electrochemical characterization and colorimetric assays of the IC + NaCl solution
were performed using the same protocols outlined above.
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3.2.8 Quantification of Reactive Oxygen and Nitrogen
Experiments were performed to determine the concentration of long-lived RONS were
produced in indigo carmine (IC) and methyl viologen (MV) solutions after plasma-treatments.
More specifically, the concentration of nitrite (NO2−), and nitrate (NO3−), and hydrogen peroxide
(H2O2). All solutions were prepared using ultrapure (18.2 MΩ cm) water. IC and MV solutions
were prepared with nominal concentrations of 25 μM and 2.5 mM, respectively. Sodium hydroxide
was used to adjust the pH of the solutions to 11. Samples were plasma-treated in volumes of 70
mL at a standoff distance of 15 mm. Plasma treatments were conducted using a helium flow rate
of 30.5 liters per minute at an applied RF power of 220 W for a total of 8 minutes. Standard
solutions of NO2− and NO3− used for ion chromatography were prepared with nominal
concentrations of 0.5, 1, 5, 10, 20, and 30 μM with sodium nitrite (>99.0%, MilliporeSigma) and
sodium nitrate (>99.0%, MilliporeSigma), respectively. Standard solutions and plasma-treated
redox indicator solutions were analyzed by a Dionex Integrion high performance ion
chromatography (HPIC, Thermo Scientific) system with a suppressed conductivity detector. The
suppressor current was set to 30 mA the temperature of the cell was held at 35 °C. A 12.0 mM
solution of potassium hydroxide was used as the eluent at a constant flow rate of 1 mL min-1
through a Dionex IonPac AS11 anion exchange column (4 × 250 mm). The sample injection
volumes were 25 μL for a total run time of 6 minutes. The linearity for the NO2− and NO3− used r2
= 0.9004 and 0.9814, respectively.
Quantification of H2O2 in IC and MV solutions was determined via a colorimetric assay using
the N,N-diethyl-p-phenylenediamine (DPD) method.96 Briefly, a 40 mL solution of 6.10 mM DPD
and 0.1 M sulfuric acid (H2SO4), 6.10 mM DPD was stored in an amber vial at 4 °C. Peroxidase
(POD) solutions were freshly prepared and stored at 4 °C. The limit of detection of this method
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was 0.76 μM H2O2. The stock solution of H2O2 was diluted and standardized
spectrophotometrically (ε = 43.6 M−1 cm−1 at 240 nm) daily and was used to establish a standard
curve. To determine the concentration of H2O2 in untreated controls and plasma-treated solutions,
1 mL of 0.5 M phosphate buffer (pH = 6.0) was added to 9 mL of redox indicator solution, followed
by 50 μL DPD and 50 μL POD in rapid succession. After 2 minutes, the solution was transferred
into a cuvette and the absorbance at 551 nm was obtained using a UV-Vis spectrophotometer
(Varian Cary 50 Bio UV-Visible Spectrophotometer).

Figure 3.2. Negative Relative Reduction Potential at the Plasma-Liquid Interface. (a)
Measured relative reduction potential at the plasma-liquid (PLI) in a redox indicator (indigo
carmine) solution as a function of time at various applied RF powers. (b) The average relative
reduction potential, η̅PLI, as a function of applied RF power. The averages were determined from
the data in (a) and the error bars are the standard deviations. Note that the potential differences are
reported using the American convention where more negative (reducing) potentials are plotted
above the origin.

3.2.9 Mass Transport Effects
Experiments were performed to determine if the apparent leveling off of the reaction rate
was due to mass transport limitations. Stock solutions of indigo carmine (IC) were prepared with
ultrapure deionized water (18.2 MΩ cm) to have a nominal concentration of 25 μM and a pH > 11.
70 mL aliquots were transferred to glass petri dishes for treatment. The petri dishes were adjusted
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such that the height of the liquid level was at a distance of 15 cm from the ground electrode of the
APPJ. Two sets of initially identical IC solutions were plasma treated for 8 minute durations using
RF powers of 60, 100, 140, 180, and 220 W. One of the IC solution sets was stirred using a
magnetic stir bar during the treatments, while the other solution remained stagnant. Immediately
after treatment, 2 mL aliquots were drawn for UV–Vis absorption spectroscopy to determine the
reaction rates relative to an untreated solution.

3.3 Results & Discussion
Electrochemical characterization of the plasma-liquid interface in solutions containing
redox indicators revealed that the relative reduction potential, ηPLI, immediately become negative
when the plasma was ignited and returned to the baseline value of zero as soon as the plasma was
turned off (Figure 3.2a). As the applied RF power was increased, the average relative reduction
potential, η̅PLI, became increasingly negative as shown in Figure 3.2b. At lower powers, η̅PLI was
only slightly more negative than the baseline. These results suggest that the plasma-liquid interface
is a net reducing environment and that the redox indicators should undergo reduction. The model
redox indicators used in all of the reported experiments were either indigo carmine (IC) or methyl
viologen (MV).
The reduction of IC involves a two electron, two proton transfer and thus the standard
reduction potential of IC is dependent on pH. The stability of IC solutions in contact with plasmas
is unknown, therefore a method to verify no side reactions are occurring is necessary. While
electrochemical characterization methods such as cyclic voltammetry can be used to verify that
redox indicators are not destroyed by exposure to plasmas, simpler methods based on
spectroscopic properties are more straightforward. One such method is the use of isosbestic points,
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which are wavelengths where the molar extinction coefficients, ε, of a reactant species X and a
product species Y are equal (i.e. ε = εX = εΥ). For an elementary reaction of the form:
X →Y ,

(3.4)

the system initially only contains X which has a concentration of [X]0. The concentration of X at
any point in the reaction can be written in terms of the extent of reaction, ξ, as:

 X  =  X 0 −  .

(3.5)

If there are no intermediate species or degradation products, then only X and Y are involved in the
reaction and the extent of reaction ξ would be equal to the concentration of species Y at any time:

 = Y  .

(3.6)

Substituting this into the previous expression and rearranging yields:

 X 0 =  X  + Y  ,

(3.7)

and therefore the absorbance A at an isosbestic point can be expressed as:

A =    X 0  ,

(3.8)

which is invariant of the extent of reaction for a stoichiometric reaction. Thus, the direct reduction
of IC2− to H2IC2− can be verified by the presence of isosbestic points in the absorption spectrum.
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Figure 3.3. Absorption spectra of redox indicator solutions. (a) UV–Vis absorption spectra for
IC solutions treated at various applied RF powers. Blue arrows indicate the isosbestic points. (b)
UV–Vis absorption spectra for MV solutions treated at various applied RF powers at a pH of 11.
Black arrows point from oxidized state to reduced state.

Initially identical IC solutions were blue in color, which faded after exposure to the plasma.
In the most extreme case, the pH of the treated solution decreased by 0.2 but was still greater than
11. The absorption spectra of initially identical IC solutions that were plasma treated at different
RF powers are shown in Figure 3.3a. Compared to the untreated control, the absorbance value at
λox, the wavelength corresponding to the oxidized form of IC, decreased with increasing power.
Simultaneously, the absorbance at λred, the wavelength corresponding to the reduced form of the
molecule, showed a gradual increase with increasing power. The observation of two crisp
isosbestic points in the absorption spectra, as indicated by the blue arrows, suggest that both IC2−
and H2IC2− were stable in water after exposure to plasma.
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Figure 3.4. Stability of MV in water. (a) Pourbaix diagram depicting pH values at which IC and
MV are stable in water (shaded area). Note that the diagram is constructed using the American
convention where more negative potentials plotted above 0.0 V vs. SHE. (b) Absorption spectra
for an untreated MV2+, a solution electrochemically reduced at pH > 11, a solution plasma treated
at pH > 11, and a solution plasma treated at pH 7. (c) Fluorescence emission spectra for the same
solution preparations in panel (b) using an excitation wavelength of 390 nm. The spectra in (c)
have been offset for clarity. (d) HPLC chromatograms acquired for electrochemically and plasma
reduced solutions at pH > 11. The peak areas have been normalized such that the total area of the
peaks the two sample preparations are equal.

MV has pH-independent standard reduction potentials of EMV2+/MV+ = − 0.45 V and
EMV+/MV0 = − 0.88 V vs. SHE.97,98 Unlike IC, isosbestic points cannot be applied to MV absorption
spectra due to comproportionation reactions that occurs between the MV2+ and MV0.99–101 While
the reduction potentials of MV redox couples are pH-independent, the amine group of MV0 can
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become protonated in protic solvents, such as water.102,103 Thus, the stability of MV0 in water has
a strong dependency on the pH of the solution particularly at low pH. Using a Pourbaix diagram
to predict the stability of the MV2+/MV0 redox couple in water, it is only found to be stable under
alkaline conditions, or more specifically pH values greater than or equal to 11 (Figure 3.4a).
Oxidation side reactions of MV result in the addition of ketone substituents in one of the pyridine
rings, resulting in 2-pyridone (‘2-one’) or 3-pyridone (‘3-one’), both of which share similar
spectroscopic features as MV0. The net effect of the ketone substituents on the absorption spectrum
is the broadening of the peak at 390 nm. The presence of the ketone-derivatives can be determined
using fluorescence spectroscopy. The three oxidation states of MV do not fluoresce, whereas the
‘2-one’ and ‘3-one’ byproducts are strongly fluorescent.95
Experiments were performed to demonstrate that the plasma treatments successfully
reduced MV2+ to MV0 in aqueous solutions with pH > 11. Herein, solutions with a pH > 11 and
pH 7 will be referred to as alkaline and neutral conditions, respectively. Spectroscopic
characterization was conducted on MV solutions that were reduced using 3 different methods: (i)
electrochemical reduction under alkaline conditions, (ii) plasma reduction under alkaline
conditions, and (iii) plasma reduction under neutral conditions. Absorption spectroscopy revealed
that all of the reduction methods exhibited the characteristic absorption peak of MV0 centered
around 390 nm (Figure 3.4b). However, the solution that was plasma treated at neutral conditions
showed significant peak broadening. The untreated control and electrochemically reduced
solutions exhibited no detectable fluorescence. A slight, almost negligible fluorescence was
observed from the solution plasma treated under alkaline conditions. However, significant
fluorescence was observed for the plasma-treated solution under neutral conditions (Figure 3.4c),
suggesting the presence of ketone substituents amongst the products formed from the reaction at
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pH 7. The observation of green fluorescence suggests that 3-one is the predominant ketone formed
in these reactions.95 HPLC-UV revealed that the electrochemical and plasma reduction of solutions
under alkaline conditions produced chemical species with the same retention times, as shown in
the chromatograms in Figure 3.4d. The observation of multiple peaks is presumed to be due to the
formation of MV0 dimers and trimers, due to the reduction of comproportionation products or
association reactions between MV0 molecules.100,104 The key finding is that the reduction of MV2+
solutions using plasma treatment and conventionally used solid electrodes produce the same
products with a different distribution in the relative amounts. In addition to determining the
stability of both IC and MV after plasma exposure, their interaction with reactive species present
in solution was also considered.
Nonthermal plasmas in contact with aqueous solutions are known to generate long-lived
reactive oxygen and nitrogen species (RONS),67 for example hydrogen peroxide (H2O2), nitrite
(NO2−), and nitrate (NO3−), which are all oxidants. The concentrations of these RONS were
determined via a colorimetric assay96 and ion chromatography and are summarized in Table 3.1.
The concentration of NO3− was less than 0.5 μM in both the plasma-treated IC and MV solutions.
The only long-lived species detected in the case of IC was NO2−, which had a concentration that
was slightly greater than the redox indicator itself. Despite the presence of excess NO2−, the
observed net reduction of IC2− caused by the plasma-liquid interface demonstrates that NO2− does
not result in complete re-oxidation of H2IC2− at these concentrations. While the concentration of
NO2− was not able to be determined in the case of MV, NO2− is known to react with MV0 to form
MV+.105 However, in our experiments, we observed no spectroscopic evidence of the characteristic
~600 nm absorption peak of MV+.95 Thus, we do not expect oxidation of MV0 by NO2− after
plasma-treatment to be important in these experiments. The reaction of MV2+ and H2O2 is known
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to irreversibly form the fluorescent ‘2-one’ byproduct,106 which may have been responsible for the
slight observed fluorescence in Figure 3.4c for samples that were plasma-treated. Knowing the
conditions that IC and MV remain stable in solution, and having considered their net reactivity
with RONS, the kinetics of the redox indicator solutions reduced by plasma exposure were studied.
Table 3.1: Summary of Reactive Oxygen and Nitrogen Species (RONS) Quantification. The
concentrations of nitrite (NO2−), nitrate (NO3−), and hydrogen peroxide (H2O2) measured in IC
and MV solutions immediately after plasma-treatment at an RF power of 220 W.
Sample
IC
MV

[NO2−] / μM

[NO3−] / μM

[H2O2] / μM

27.93
---

< 0.5
< 0.5

< 0.76
~ 10

Colorimetric assays were performed on MV solutions to determine the effect that plasma
power had on reduction kinetics. Initially identical solutions were clear and gradually developed
color as they became reduced by the plasma. The pH changed by a negligible amount as a result
of the reaction, decreasing by only 0.3 in the most extreme case. As shown in Figure 3.3b, the
measured absorbance of the reduction peak corresponding to MV0 increased with increasing
applied RF power. It is noted that although the HPLC chromatograms revealed that additional
species were present, which were presumed to be MV0 dimers and trimers, the measured
absorbance was taken to be only from the MV0 monomer. Given that the kinetics of
electrochemical reactions are typically described in terms of the overpotential, we will now
compare the reaction rates determined by colorimetric assays to the electrochemical measurements
of ηPLI at the same conditions, treating it as an effective overpotential.
The sign of ηPLI determines the nature of the electron transfer reaction at the plasma-liquid
interface (i.e. oxidization or reduction). When the interface is a reducing environment, ηplasma < 0,
and the concentration ratio of the reduced and oxidized forms, CR/CO, will be largest immediately
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underneath the plasma, even as the concentration of the reduced species in the bulk, CR*, increases
with time. Conversely, when the interface is an oxidizing environment, ηPLI > 0, and CR/CO will
be smallest in the vicinity of the plasma, regardless of how concentration of oxidized species in
the bulk, CO*, changes with time. Classical electrochemical theories for electrode kinetics, such as
the Butler-Volmer model, predict a reduction reaction rate, rR, of the form:

 F 
rR  exp  −
 ,
 RT 

(3.9)

where α is the transfer coefficient, which ranges from 0 ≤ α ≤ 1.13 The transfer coefficient describes
the fraction of the applied overpotential that enhances the rate of reaction. When α = 0, the reaction
rate is independent of the overpotential and thus the electrode is poorly suited for the
electroreduction of that redox couple.

Figure 3.5. Effect of Applied RF Power on Electrochemical Parameters. (a) Average relative
reduction potential (η̅PLI) as a function of applied RF power, (b) reaction rate as a function of
applied RF power, and (c) reaction rate as a function of η̅PLI for IC, IC + NaCl, and MV solutions.
Note that the relative reduction potential are plotted using the American convention with more
negative (reducing) potentials plotted above 0 mV.

The average relative reduction potential of the plasma-liquid interface was determined as
a function of applied RF power using electrochemical measurements made in the redox indicator
solutions (Figure 3.5a). The average relative reduction potential became more negative as the RF
power was increased. With no apparent asymptote, the magnitude of η̅PLI for a given solution
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appears to be limited by the RF power that can be supplied to the plasma. Given the disparity in
the measured η̅PLI values between IC and MV, the effects of electrostatic screening were
investigated. Ionic concentration, and conductivity by extension, determine the Debye length of
the solution. A difference in ionic conductivity will result in different electrostatic screening
lengths experienced by the reference electrode in a given solution. The measured conductivity of
MV solutions had nominal values of 790 μS cm−1, while IC solutions had nominal conductivities
of 310 μS cm−1. An additional IC + NaCl solution with a nominal conductivity of 790 μS cm −1
was prepared for comparison. The IC + NaCl was characterized electrochemically and a
colorimetric assay was performed to determine the reduction kinetics. Interestingly, η̅PLI of the IC
+ NaCl solution was between IC and MV for each RF power, suggesting that the disparity between
MV and IC arises due to a combination of electrostatics and chemical composition. The reaction
rates, determined from the UV-Vis absorption spectra, are plotted as a function of applied RF
power for the three solutions as shown in Figure 3.5b. An increase in reaction rate with increased
RF power was observed for all three solutions. To determine if there was a correlation between
the reaction rate and η̅PLI, the two data sets were combined and presented in Figure 3.5c. For the
three solutions, the reduction reaction rate increased as η̅PLI become more negative. While η̅PLI
clearly had an effect on the reaction rate in the solutions (i.e. α  0), the reaction rate did not appear
to follow the same exponential relationship as in the case of metal electrodes.
Interestingly, reduction occurred for all of redox indicator solutions, even in the cases
where η̅PLI was approximately zero. This result suggests that the barrier to the reaction is extremely
small and that plasmas are excellent electrocatalysts for these reactions. The apparent leveling off
of the IC reduction rates at more negative η̅PLI are indicative of mass transport limitations. An
additional experiment was conducted to determine if the reactions were limited by bulk transport.
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As shown in Figure 3.6, the reduction rate at more negative η̅PLI does not appear to be limited by
bulk transport. Another possible explanation for this behavior is that transport limitations are
localized at the interfacial region rather than the bulk. The underlying reason for the observed
phenomena requires further study.

Figure 3.6 Effect of Stirring on Reaction Rate. Reaction rate as a function of applied RF power
for IC solutions that were stirred (black) and solutions that were not mixed (blue) during plasma
treatment.

3.4 Conclusions
Electrochemical measurements of the relative reduction potential in redox indicator
solutions revealed that inert atmospheric plasmas have the capability to make a net reducing
environment in solutions with reduction potentials more negative than the hydrogen evolution
reaction. As the applied RF power of the plasma was increased, an increase in reaction rate was
observed. Similarly, the measured reduction potential became more negative with increasing RF
power. The observed reaction of the redox indicators at extremely small values ηPLI suggest that
the electrostatic potential is dropped in both the plasma and the liquid, indicating that the ηPLI could
be a lower estimate of the true reduction potential at these RF powers.
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Chapter 4

Electrochemical Structure of a PlasmaLiquid Interface

4.1 Introduction
Interactions between atmospheric plasma and liquid media have attracted attention due to
their great potential in the fields of medicine,107–109 nanomaterial synthesis,110–112 and wastewater
treatment.113–115 These applications utilize nonthermal plasma as a source of highly reactive
species including radicals, photons, atomic and molecular ions, and electrons which can be
transported into the plasma-liquid interface (PLI). The injection of energetic species at the PLI has
been used to drive electrochemical reactions, such as carbon dioxide reduction,59 ammonia
synthesis,116,117 and the hydrogen evolution reaction.118,119 Reduction-oxidation (redox) chemistry
in plasma-liquid systems has also been demonstrated in the context of plasma-activated water,
which specifically studies the aqueous chemistry induced by reactive oxygen and nitrogen species
(RONS).120,121 However, to date, a comprehensive framework for understanding how to control
the reactions occurring on the liquid side of the PLI has not been clearly elucidated, which
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frustrates efforts to achieve desired chemical transformations. We have recently proposed that the
framework of electrochemistry can be used to conceptualize the liquid side of the plasma-liquid
system,122 wherein solid electrodes are now electrodeless near the PLI. However, the spatial
locations of the electrodeless cathode and anode within the liquid have not been previously
reported, thus the idea itself must be tested, which is the purpose of this work.
Electrochemical reactions are understood in terms of intrinsically coupled reduction and
oxidation half-reactions, which describe the overall charge-transfer processes of the redox reaction
in the liquid. The basic idea is that reduction half-reactions are coupled to oxidation half-reactions
to preserve both the charge and atom balance in solution. In conventional electrochemical systems,
the half-reactions simultaneously occur at interfaces of the working and counter-electrodes. In
plasma-assisted electrochemistry configurations, which are systems wherein the working electrode
is replaced by a DC microplasma, the half-reactions take place at the counter-electrode and the
PLI.123 Electrolytic systems capable of initiating redox reactions using reactive species without
requiring electrical contact with a counter-electrode have been described as a form of electrodeless
electrochemical systems.124–126 One such example of an electrodeless system is a free atmospheric
pressure plasma jets (APPJs) impinging upon liquid solutions (Figure 4.1), the absence of solid
electrodes obfuscates the locations of the half-reactions (i.e. the locations of the electrodeless
cathode and anode). Consequently, there is a lack in understanding of where the half-reactions
occur in electrodeless plasma-liquid electrochemical systems. In the previous chapter, we
developed a framework for electrochemically characterizing a free APPJ in contact with an
electrolyte solution. The technique was based on using a reference electrode to measure the local
potential within the liquid directly underneath the electrochemically active PLI, Erz, and
referencing that measurement to the potential of a nominally identical reference electrode
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positioned far away in the bulk solution, Einf. The relative reduction potential measured between
the reference electrodes within the solution is given by

rz = Erz − Einf

(4.1)

A negative potential was observed, suggesting that the reduction-half reaction (i.e. electrodeless
cathode) was taking place directly underneath the PLI. Thus, the complementary oxidation halfreaction (i.e. electrodeless anode) is expected to be occurring elsewhere in solution.
In this chapter, we investigate the spatial electrochemical behavior of aqueous solutions
exposed to a nonthermal radiofrequency (RF) helium APPJ to elucidate the locations of the redox
half-reactions. Electrochemical characterization was based on a previously developed technique,
which was adapted to perform measurements as a function of radial distance from the APPJ
centerline and depth below the PLI.122 Based on the signs of the potentials measured by the spatial
electrochemical profiles, two distinct regions were observed: a negative region directly underneath
the PLI with a positive region in the immediately surrounding solution. In situ multispectral
imaging experiments were conducted using colorimetric probe molecules to independently
determine where the electrochemical half-reactions taking place. Visualization of the spatial
distribution of redox products was achieved by using white light illumination in conjunction with
a scientific camera equipped with a bandpass filter. Reduction of the molecular indicator was only
detected underneath the APPJ centerline, while the formation of oxidation products was found to
occur at larger lateral distances. A surprising finding of our work, which has not previously been
discussed in the existing plasma-liquid literature, is that the plasma-liquid interface simultaneously
acts as both the cathode and anode which occur in spatially distinct locations within the solution.
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4.2 Experimental
4.2.1 Materials
Indigo carmine (IC, 85%), titanium (IV) oxysulfate (TiOSO4) solution (1.9-2.1%),
potassium ferricyanide (~99%), and potassium ferrocyanide (≥98.5%) were purchased from
MilliporeSigma. Sodium hydroxide (NaOH, 85%) was purchased from Fisher Scientific.
Hydrogen peroxide (H2O2, 35 wt%) was purchased from Acros Organics. All chemicals were used
as received without further purification. All solutions were prepared using Type III ultrapure (18.2
MΩ cm) water from a Direct-Q 3 Water Purification System (MilliporeSigma).

4.2.2 Plasma System
The plasma source used in this work was an APPJ generated using helium (He) as the
operating gas, as shown in Figure 4.1. The He flow rate was maintained at a constant value of 2000
standard cubic centimeters per minute (sccm) using a mass flow controller (GE50A, MKS
Instruments). The plasma was generated using a RF power supply (AG 0613, T&C Power
Conversion) connected to an impedance matching network (AIT-600 RF Auto Tuner, T&C Power
Conversion). An RF setpoint power of 40 W was used in all experiments. The APPJ was comprised
of a powered nickel needle electrode with an outer diameter of 2.34 mm housed within a fused
silica tube with inner and outer diameters of 7 and 9.5 mm, respectively. The ground electrode was
an aluminum ring with an inner diameter of 9.5 mm, which was mounted to the exterior of the
silica tube 5 mm from the tube outlet. The APPJ was attached to a micrometer positioning stage
in order to maintain a gap height of 5 mm between the end of the silica tube and the surface of the
solution undergoing treatment.
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Figure 4.1. Atmospheric Pressure Plasma Jet. Image of helium atmospheric pressure plasma jet
(APPJ) in contact with solution used in this work. Dotted dash line added to indicate the APPJ
centerline.

4.2.3 Spatial Electrochemical Measurements
Spatial electrochemical measurements were performed within the liquid using the
experimental apparatus shown in Figures 4.2a-b, which is an adaptation from the configuration
used in Chapter 3. Here, the reference electrode used to measure the local potential in solution near
the PLI (Erz) was sealed in a Luggin capillary (Adams & Chittenden) which was mounted on a
motorized two-axis stage (X-XY-LSM100A, Zaber Technologies) and controlled using LabView
(National Instruments). The glass frit at the end of the Luggin capillary had an outer diameter (OD)
of 3.0 mm. The reference electrode measuring the potential in the bulk solution (Einf) remained
fixed at a position far from the PLI. The reference electrodes were connected to a digital multimeter
(DMM6500, Keithley) and the relative potential differences, ηrz, were recorded via LabView.
Axial symmetry was assumed for the electrochemical measurements, which were conducted in a
740 mL crystallizing dish containing freshly prepared IC solution with a nominal concentration of
25 μM. The pH of the IC solution was adjusted to 11 using NaOH and verified using a pH probe
(PHE-1478, Omega Engineering). For a fixed depth below the PLI, radial electrochemical
measurements were performed by positioning the Luggin capillary directly underneath the
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centerline of the APPJ and using the motorized stage to move radially outward in 0.5 mm
increments. In order to obtain a depth profile, the radial measurements were acquired at various
depths below the PLI in increments of 0.25 mm. The potential difference near the PLI and bulk
solution was measured for a duration of 45 seconds for each radial distance from the APPJ
centerline and depth below the PLI. The potential differences at each position are reported as timeaveraged values, η̅rz.

4.2.4 Ultraviolet-Visible Absorption Spectroscopy
Ultraviolet-Visible (UV-Vis) absorption spectroscopy was used to verify the characteristic
wavelengths of the molecular probes, which were used as the central wavelengths for the bandpass
filters in the in situ multispectral imaging experiments. All UV-Vis absorption spectroscopy was
conducted on a Cary 5000 (Varian) using a scan rate of 150 nm/min over the range of 350 to 700
nm. Solutions containing molecular probes were treated in glass petri dishes with an OD = 50 mm
and height (h) of 15 mm. A freshly prepared IC solution with a nominal concentration of 50 μM
and an adjusted pH of 11 was used to verify the characteristic wavelengths for both the reduction
of IC2− and formation of H2O2. For the reduction of IC2−, sample volumes of 20 mL were taken
from the same 50 μM IC stock solution and plasma treated for durations of 2, 4, and 6 minutes.
Changes in pH measured before and after treatment were found to decrease only by 0.2 pH units.
A separate untreated control (i.e. 0 minute plasma treatment) was set aside for comparison.
Aliquots of 2 mL were taken from each petri dish immediately after plasma treatment and
characterized using UV-Vis absorption spectroscopy. The titanium sulfate method was used to
monitor the formation of H2O2 via the complex that forms between titanium sulfate, which has a
strong absorbance centered around 408 nm.127 Sample volumes of 20 mL from the same 50 μM
IC stock solution were plasma treated for 2, 4, 6, 8, and 10 minutes. To verify the observed change
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in absorbance at 408 nm was due to H2O2 formation rather than interference from reduced H2IC2, differences in the 408 nm absorbance between plasma treated IC solutions with and without the
addition of TiOSO4 were compared. Two aliquots were drawn for a given treatment time: 200 μL
of TiOSO4 was added to the first aliquot to quantify the amount of H2O2 formed, while 200 μL of
ultrapure water was added to the second aliquot to maintain the same dilution factor. Standards
with concentrations of 0 and 50 μM H2O2 were also prepared using the same 50 μM IC stock
solution for comparison. Additionally, standards of the oxidized form IC2- were prepared with a
nominal pH of 11 to determine the concentration of IC after plasma-treatment. UV-Vis absorption
spectroscopy was used to obtain the absorbance values of the characteristic 610 nm peak as a
function of IC2- concentration over the range of 5 to 100 μM and used to generate a calibration
curve.

4.2.5 Multispectral Imaging
In situ multispectral imaging was used to visualize the spatial distribution of redox products
in solution as a result of plasma treatment. The multispectral imaging experiments were performed
using an LED light source as a white light illumination source, which was passed through a
rectangular macro quartz cuvette (102.5 mm × 12.5 mm × 45 mm, FireflySci., Inc.). The macro
cuvette was filled with a total volume of 45 mL of solution prior to each experiment and positioned
underneath the APPJ centerline. A freshly prepared 50 μM IC solution for visualizing both IC2−
reduction and H2O2 formation. The cuvette was filled with 45 mL of the stock solution for the
monitoring the reduction of IC2−, while a mixture of 1 mL TiOSO4 and 44 mL of the stock solution
was used to detect the formation of H2O2. Images were acquired with a CMOS camera (Atlas 5.0
MP Mono, Sony Pregius IMX250 CMOS, LUCID Vision Labs) which was controlled using the
ArenaView (LUCID Vision Labs) software package. All images were acquired using a frame rate
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of 10 frames per second, a pixel format of 16 bits per pixel, and a pixel resolution of 2448 × 2048.
The reduction of IC2− was imaged using a 600 nm bandpass filter (65-163, Edmund Optics) with
a full width-half max (FWHM) of 10 nm with an exposure time of 8000 μs. The formation of H2O2
was imaged using a 400 nm bandpass filter (65-132, Edmund Optics) with a FHWM of 10 nm
using an exposure time of 6000 μs.

4.2.6 Multispectral Imaging Processing
The raw images acquired in the multispectral imaging experiments were imported into
MATLAB for post-processing. Each image frame was converted into a two-dimensional (2D)
matrix containing the spatial pixel intensity, It(x,z), at time t after plasma ignition. More
specifically, the 2D matrices stored the pixel intensities, It0(x,z), as function of spatial position (i.e.
lateral distance from the APPJ centerline, x, and depth below PLI, z, for a particular time t after
igniting the plasma. An initial frame acquired prior to igniting the plasma was used as a reference
to track changes in the spatial pixel intensity resulting from plasma treatment. The change in
absorbance for a given spatial position (x,z) was calculated using:
 I 0  
 I 0

 I t 0 ( x, z ) 
At ( x, z ) − At 0 ( x, z ) = log10 
  − log10 
  = log10 

 I t ( x, z )  
 I t 0 ( x, z )  
 I t ( x, z ) 

(4.2)

where At(x,z) is the absorbance at time t after igniting the plasma, and At0(x,z) is the absorbance of
the reference frame, It (x,z) is the pixel intensity at time t after igniting the plasma, and It0(x,z) is
the pixel intensity of the reference frame. Since all calculations were based on the pixel intensity
for the same (x,z) coordinates between frames, the notation for the change in absorbance was
simplified to At − At0. Images were cropped to show the region of interest and false-colored to
generate the still images depicting At − At0. To account for the dispersion of the products in the
60

vertical direction, the change in absorbance at a given lateral position was averaged over the depth,
z. More specifically, changes in absorbance at a given lateral position were summed over a total
depth of 2.0 mm and divided by the total number of pixels, n, used to perform the summation. The
average change in absorbance is given by

At − At =0 =

( A − A )
t

t0

z

(4.3)

n

where A̅t − A̅t=0 is the average change in absorbance at time t after igniting the plasma and Σ(At −
At0)z is the summation of At − At0 along the depth. Radial profiles of A̅t − A̅t=0 for both IC and H2O2
were generated using the t = 1 s time points. In order to increase the signal-to-noise, pixels were
binned along the radial direction using bin sizes of 10 pixels and used to generate radial profiles
of the average changes in absorbance for both IC and H2O2.

4.2.7 pH Effects
Since IC is a pH-dependent redox indicator, multispectral imaging was also performed on
a pH-independent indicator to verify that the observed behavior was due to redox chemistry rather
than a possible localized instantaneous pH effect. The pH-independent redox couple selected was
ferricyanide (Fe(CN)63−) and ferrocyanide (Fe(CN)64−). Ultraviolet-Visible (UV-Vis) absorption
spectroscopy was used to verify the characteristic wavelengths for the oxidized and reduced forms
of the redox couple in order to assess an appropriate bandpass filter wavelength for the
multispectral imaging experiments. All UV-Vis absorption spectra were acquired on a Cary 5000
(Varian) using a scan rate of 150 nm min−1 over the range of 350 to 600 nm. Two separate solutions
were prepared with nominal concentrations of 100 μM Fe(CN)63− and 100 μM Fe(CN)64− to show
the characteristic absorption features of the two oxidation states. The reduced form, Fe(CN)64−,
shows no absorption features above 400 nm, while the oxidized form, Fe(CN)63−, exhibits a
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characteristic broad absorption peak between 400 and 450 nm. The effect of plasma treatment of
the redox couple was investigated using a 20 mL mixture solution containing 25 μM Fe(CN)63−
and 25 μM Fe(CN)64−. The plasma treatment was performed for a duration of 4 minutes using a
helium flow rate of 2000 sccm, an applied RF power of 40 W, and a gap height of 5.0 mm.
Multispectral imaging was only performed for visualizing the oxidation of Fe(CN)63− due
to the fact that the complementary half-reaction was not known. Imaging experiments were
performed using a macro quartz cuvette was filled with 45 mL of a freshly prepared mixture of 50
μM Fe(CN)63− and 50 μM Fe(CN)64−. Images showing the oxidation of Fe(CN)64− were captured
using a 400 nm bandpass filter (65-132, Edmund Optics) with a FWHM of 10 nm and an exposure
time of 6000 μs.

4.3 Results & Discussion
4.3.1 Electrochemical Mapping
Spatial electrochemical mapping of the time-averaged potential (η̅rz) in solution near the
electrochemically active PLI revealed regions with more negative and positive potentials with
respect to the bulk solution as shown in Figure 4.2c-d. The time-averaged values were determined
by averaging the ηrz values acquired over the 45 second duration at each spatial location using

 rz =

1 N
rz(i)
N i =1

(4.4)

where N is the total number of measurements made over the acquisition period and ηrz(i) is relative
reduction potential value of the ith measement. Qualitatively, the radial profiles of η̅rz showed
similar trends at each depth below the PLI (Figure 4.2c). The main influence of varying the depth
below the PLI had on the electrochemical measurements was on the observed magnitude of η̅rz.
The magnitude of η̅rz was greatest immediately underneath the PLI, suggesting that the
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electrochemical half-reactions occur at higher rates closer to the surface. As the Erz reference
electrode moved away from the surface, the magnitude of η̅rz decreased with increasing depth,
suggesting that the measured potential approaches that of the bulk solution. Given that varying the
depth had no observable influence on the sign of η̅rz, the radial distribution of η̅rz was explored in
order to understand where the half-reactions were taking place.
For a fixed depth, the electrochemical profiles revealed that the sign of η̅rz had undergone
a sign inversion as the radial distance from the APPJ centerline was increased, as shown in Figure
4.2c. A similar measurement technique has been utilized in corrosion research, termed the
scanning reference electrode technique (SRET), wherein potential variations between reference
electrodes in a solution are used to identify the locations of cathodic and anodic reactions in
systems without an external circuit (e.g. a piece of metal corroding in saline water).74 In the field
of corrosion, cathodic and anodic sites on electrochemically active surfaces are identified by
regions with potential differences that are more negative and positive, respectively.74,76 Figure 4.2c
shows that the sign of η̅rz was negative for all r ≤ 2.5 mm from the APPJ centerline. Following the
same convention as the SRET, the negative sign of η̅rz (i.e. more negative value) would suggest
that the reduction half-reaction is favored at radial distances closest to the PLI, which is consistent
with the observed behavior from our previous work.122 In fact, η̅rz was found to be most negative
at radial distances of r ≤ 0.5 mm from the APPJ centerline regardless of depth below the PLI. As
the radial distance from the APPJ increased, the sign of η̅rz became less negative and experienced
an inversion from negative to positive at r ≈ 3.0 mm (Figures 4.2c-d). Positive values of η̅rz indicate
that the complementary oxidation half-reaction occurs in this region immediately surrounding the
reduction half-reaction. The value of η̅rz became increasingly positive and reached a maximum at
a radial distance of r ≈ 4.0 mm. Further than 4.0 mm from the jet centerline, the value of η̅rz
63

decreased to approximately zero for r ≥ 8.0 mm, meaning the electrochemical activity was
indistinguishable from that of the bulk solution.

Figure 4.2. Spatial Reduction Potential Distribution Near Plasma-Liquid Interface (PLI). (a)
Schematic representation of plasma jet and scanning reference electrode, Erz, housed in a Luggin
capillary used to measure the local potential in the liquid near the plasma liquid interface with
respect to an identical reference electrode fixed in the bulk solution, Einf. (b) Schematic illustrating
the experimental apparatus used to measure the relative reduction potential profiles near the
atmospheric pressure plasma jet (APPJ) centerline showing axial symmetry. (c) Examples of timeaveraged relative reduction potential profiles, η̅rz, as a function of radial distance, r, from the APPJ
centerline at various depths, z, below the PLI. (d) Contour map generated from the data in (c).
Negative potentials (red) are regions where reduction is favored, and positive potentials (blue) are
regions where oxidation is favored.
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Figure 4.3. UV-Vis Absorption Spectra of Redox Products. (a) Absorption spectrum of 50 μM
indigo carmine (IC) solutions treated with helium plasma for various treatment times. Red arrow
indicates the peak used to observe reduction of IC2− in multispectral imaging experiments. Inset
illustrating the changing baseline at 408 nm. (b) Change in absorbance at 408 nm of 50 μM IC
solutions after plasma treatments for various durations. The plotted value is the difference in
absorbance between with and without titanium oxysulfide (TiOSO4) in solution. Dashed lines
indicate the absorbance at 408 nm of standards with the specified concentration of H2O2 and
TiOSO4.
Table 4.1. Indigo carmine concentration after plasma treatment. A summary of the oxidized
form of IC2− for various plasma treatment times.
Treatment Time / min
0
2
4
6

Absorbance / A.U.
0.798
0.657
0.549
0.425
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IC2− Concentration / μM
42.2
34.7
28.9
22.3

4.3.2 UV-Vis Absorption Spectroscopy
In addition to spatial electrochemical mapping, spectrophotometric methods were used to
identify products of reactions between the plasma and electrolytic solution. The redox indicator IC
is commercially available in its oxidized state (IC2-) with a characteristic absorption peak at 610
nm (Figure 4.3a). When IC2− is reduced to H2IC2−, this characteristic peak decreases, as
demonstrated in the UV-Vis absorption spectra of plasma treated IC solutions shown in Figure
4.3a. The reduction of IC2− occurs through a two proton, two electron transfer process. The change
in concentration for IC2− after plasma treatment can be determined based on the changes in
absorbance at 610 nm. The absorbance peak decreases from 0.798 to 0.425 for treatment times of
0 and 6 min, respectively. A plot of the calibration curve of the IC2− standards is shown in Figure
4.4, and the concentrations of IC2− as a function of plasma treatment time are listed in Table 4.1.
The change in absorbance after 6 minutes of plasma treatment was found to correspond to a
reduction of 19.9 μM, which would require a stoichiometric equivalence of 39.8 μM of protons.
Given the proton concentration in solution before plasma treatment was on the order of 10−5 μM,
to protons used in the reduction of IC2− must have been produced by a reaction promoted by the
plasma-liquid interface A likely proton generating reaction is water oxidation, which produces
both protons and hydrogen peroxide.128–130 Hydrogen peroxide (H2O2) is an oxidant and a longlived species that is well-known to be produced in atmospheric plasma systems that are in contact
with aqueous solution, and in addition to water oxidation, it can also form as a result of
recombination of gas phase hydroxyl radicals in the liquid.67,119 Detection of H2O2 can be achieved
using colorimetric methods, such as the titanium sulfate method.127 The titanium sulfate method
involves the formation of a complex between H2O2 and titanium sulfate that has a deep yellow
color with an absorbance at 408 nm; a wavelength at which interference from reduced H 2IC2− is
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minimized (Figure 4.3a). Thus, differences in the absorbance between plasma treated IC solutions
with and without the addition of titanium (IV) oxysulfate (TiOSO4) were compared to characterize
the formation of H2O2 (Figure 4.3b). Using these molecular probes and their characteristic
absorption features, in situ multispectral imaging was used to spatially visualize where molecular
products of reduction and oxidation formed as a result of plasma treatment

Figure 4.4. Calibration Curve of Indigo Carmine. The calibration curve generated for the indigo
carmine (IC2−) over the concentration range of 5–100 μM. Data points are indicated by black
squares while the fitted line is displayed in red. Equation for regression line displayed in the plot.

4.3.3 Multispectral Imaging
Multispectral imaging was performed using a CMOS camera equipped with a bandpass
filter corresponding to the characteristic wavelength of the species of interest, determined via UVVis absorption spectroscopy. Only images acquired at short times after plasma ignition were
considered, whereat convolution by transport effects was minimized. The full details of the
imaging processing are given in the experimental section. Briefly, an initial image was acquired
prior to igniting the plasma and used as the reference frame. The spatially resolved pixel intensities
for frames acquired after plasma ignition were processed with respect to that reference frame to
produce still images of the spatiotemporal changes in absorbance, shown in Figure 4.5. Thus,
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negative values (red) correspond to a decreasing absorbance while positive values (blue)
correspond to an increasing absorbance at a particular position and wavelength. Multispectral
imaging experiments revealed that both H2IC2− and H2O2 were formed in spatially distinct regions
within the solution (Figure 4.5). Within 10 seconds of plasma ignition, transport effects were
observed to result in mixing and recirculation of products and the bulk

Figure 4.5. Multispectral Imaging. (a) Schematic illustrating the multispectral imaging apparatus
to visualize redox reactions in plasma treated solutions. (b) A representative raw image of a 50 μM
IC solution undergoing plasma treatment taken with the CMOS camera acquired using an exposure
time of 8000 μs with a 600 nm bandpass filter. (c) Images of 50 μM IC solution acquired with a
600 nm bandpass filter at various times after plasma ignition. (d) Images of 50 μM IC solutions
with excess TiOSO4 acquired with a 400 nm bandpass filter at various times after plasma ignition.
Dotted-dashed lines indicate the atmospheric pressure plasma jet (APPJ) centerline and gray
arrows indicate the flow direction of the species in the liquid.

68

Multispectral imaging experiments revealed that both H2IC2− and H2O2 were formed in
spatially distinct regions within the solution (Figure 4.5). Within 10 seconds of plasma ignition,
transport effects were observed to result in mixing and recirculation of products and the bulk
solution, thus only short time scales were considered to determine where redox products were
forming. The processed multispectral still images in Figure 4.5 show the changes in absorbance at
various times after plasma ignition with respect to an initial frame acquired prior to turning the
plasma on. Multispectral imaging of IC using a 600 nm filter revealed that the reduction of IC2−

Figure 4.6. Lateral Profiles of Average Absorbance Change. (a) Profile of the change in
absorbance at 600 nm generated using the multispectral image of IC2− reduction from Figure 4.5c,
1 second after plasma ignition. (b) Profile of the change in absorbance at 400 nm generated using
the multispectral image of H2O2 formation from Figure 4.5d, 1 second after plasma ignition. Data
were binned to increase signal-to-noise and black error bars are the standard deviation of
absorbance due to shot-to-shot variations on a time scale of 20 ms (images not shown). Dashed
gray line is the baseline.
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was confined near the PLI, aligned directly underneath the APPJ centerline (Figure 4.5c). Shortly
after the plasma was ignited, the reduced product was transported laterally outward. Multispectral
imaging of H2O2 was performed by adding TiOSO4 to an IC solution with a 400 nm bandpass
filter. The formation of H2O2 was only observed at lateral distances of approximately 10 mm or
greater from the APPJ centerline, as shown in Figure 4.5d. As time after igniting the plasma
elapsed, H2O2 began to move laterally outward. The results were both consistent with other reports
of plasma-induced chemistry using colorimetric probes, where the reaction emanates from the
plasma-liquid interface and transports to the bulk with increasing time.69 The spatial distributions
of both IC and H2O2 were found to be slightly asymmetric about the APPJ centerline, but more
pronounced in the case of H2O2. Relative to the APPJ centerline, H2O2 appears to move downward
within the solution on the left-hand side, while accumulating near the surface on the right-hand
side (Figure 4.5d).
To account for the dispersion of the products, still images were used to generate lateral
profiles of the changes in absorbance. These profiles were generated by averaging over a depth of
2.0 mm at a given lateral position. The lateral profiles of the change in absorbance at 1 second
after plasma ignition are shown in Figure 4.6 for both IC and H2O2. In the case of IC, the average
change in absorbance was found to be negative for lateral distances of approximately |x| ≤ 14 mm
with respect to the APPJ centerline as shown in Figure 4.6a, which is consistent with the reduction
reaction occurring near the plasma jet centerline. For |x| > 14 mm, the average change in
absorbance goes to zero, indicating that the IC solution in this region remained unchanged relative
to the initial solution. Conversely, the average change in absorbance for H2O2 was found to be zero
for lateral distances |x| ≤ 13 mm, suggesting that H2O2 was not forming close to the APPJ centerline
as shown in Figure 4.6b. At greater lateral distances from the APPJ centerline, the average change
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in absorbance became increasingly positive reaching a maximum at approximately |x| = 30 mm,
suggesting that H2O2 is most favorably formed in the region surrounding the PLI. Even further
away from the jet centerline beyond |x| ≥ 30 mm, the value of the average absorbance decreased
towards the baseline value of zero. The pH change for the IC solution used in the multispectral
imaging experiments was found to be negligible, changing from 11.2 to 11.0 after treatment.
While the spatial electrochemical measurements and multispectral imaging experiments
revealed the same qualitative trend, namely reduction reactions occurring near the PLI with the
complementary oxidation half-reactions taking place in the surrounding solution, there is a
discrepancy in the characteristic lengths between the two methods. More specifically, the boundary
between the half-reactions was found to occur at a radial distance of r ≈ 3.0 mm in the spatial
electrochemical measurements and at a lateral distance of |x| < 13-14 mm for the multispectral
imaging experiments. One plausible reason for this discrepancy is the size of the Luggin capillary
used to make the measurements near the PLI. While the radial measurements were performed in
increments of 0.5 mm, the diameter of the probe was 3.0 mm. Thus, the actual distances between
the reduction and oxidation zones may be distorted. A key difference between the two data sets
was the vessel geometry and size used in the experiments for each method (Figures 4.2b and 4.6a),
which would likely influence the transport and recirculation of species between the two
characterization techniques. For multispectral imaging experiments, solutions were plasma treated
in a rectangular quartz cuvette with dimensions of 102.5 mm × 12.5 mm × 45 mm (l × w × h).
Unfortunately, the reference electrodes used for electrochemical measurements had outer
diameters of 16 mm, and thus, the spatial electrochemical characterization could not be performed
simultaneously in the vessel used for imaging. Instead, electrochemical characterization was
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performed in cylindrical vessels with a diameter of 125 mm and a height of 65 mm (Figure 4.2a).
Furthermore, transport effects likely broaden the data in Figure 4.6 when compared to Figure 4.2.

Figure 4.7. UV-Vis Absorption Spectrum of Fe(CN)63−/Fe(CN)64−. (a) UV-Vis absorption
spectrum showing characteristics of the 100 μM of the reduced (Fe(CN)64−) and 100 μM of the
oxidized (Fe(CN)63−) forms of the redox couple. (b) UV-vis absorption spectrum of an untreated
control and a plasma treated Fe(CN)63−/Fe(CN)64− (25 μM/25 μM) mixture.

4.3.4 pH Independent Redox Indicator
Given the fact that IC is a pH-dependent redox indicator, multispectral imaging was also
performed on a pH-independent indicator, Fe(CN)63−/Fe(CN)64−, to verify that the observed
behavior was due to redox chemistry rather than a possible localized instantaneous pH effect. The
reduced form, Fe(CN)64−, shows no UV-Vis absorption features above 400 nm, while the oxidized
form, Fe(CN)63−, exhibits a characteristic broad absorption peak between 400 and 450 nm (Figure
4.7a). The UV-Vis absorption spectrum of the plasma treated solution was compared to an
untreated control (i.e. 0 minute treatment time), as shown in Figure 4.7b. The plasma treated
solution revealed that Fe(CN)64− was becoming oxidized as a result of plasma treatment, as
indicated by the increased absorbance between 400 and 450 nm relative to the untreated control
(Figure 4.7b). Multispectral imaging was only performed for visualizing the oxidation of
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Fe(CN)63− due to the fact that the complementary half-reaction was not known. While the reduction
of Fe(CN)64− is a possibility, the multispectral imaging apparatus used in this work is incapable of
detecting the reaction. Other possible reduction products, such as hydrogen gas, would be difficult
to characterize as well.

Figure 4.8. Multispectral Imaging and Lateral Profile of Average Absorbance Change of
Fe(CN)63−/Fe(CN)64−. (a) Images of a mixed 50 μM Fe(CN)63−/50 μM Fe(CN)64− solution acquired
with a 400 nm bandpass filter at various times after plasma ignition. Black dotted-dashed line
represents the APPJ centerline and gray arrows indicate flow direction of Fe(CN)63− in the liquid.
(b) Profile of the change in absorbance at 400 nm generated using the multispectral image of
Fe(CN)63− formation from (a), 1 s after plasma ignition. Data were binned to increase signal-tonoise and black error bars are the standard deviation of each bin. Dashed gray line is the baseline.
The processed multispectral still images in Figure 4.8a show the changes in absorbance at
various times after plasma ignition with respect to an initial frame acquired before turning the
plasma on. Multispectral imaging of the Fe(CN)63−/Fe(CN)64− mixture revealed that oxidation of
Fe(CN)64− was occurring near the APPJ centerline, with the Fe(CN)63− product transporting
laterally outward with time. Interestingly, a node with no change in absorbance formed directly
underneath the APPJ centerline, suggesting that oxidation of Fe(CN)64− was not occurring in this
region. The value of the average change in absorbance (Figue 4.8b) was found to be close to the
baseline value at a lateral distance of approximately |x| ≤ 0.5 mm. At greater lateral distances, the
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average absorbance value becomes increasingly positive before reaching a maximum at |x| = 7
mm, suggesting that the oxidation of Fe(CN)64− is most favorably occurring in this region. Even
further away from the centerline, the average change in absorbance decreases and eventually
returns to the baseline value at an approximate lateral distance of |x| = 18 mm from the centerline.
While the length scale of oxidation product formation differed from the hydrogen peroxide (H2O2)
multispectral imaging experiments discussed earlier, both data sets revealed the same qualitative
trend in the average absorbance profile. Despite the fact that the oxidation of Fe(CN)64− to
Fe(CN)63− was observed to occur in close proximity to the APPJ centerline, the apparent node
clearly demonstrated that oxidation products were not forming directly underneath the PLI. In fact,
the multispectral still images and average change in absorbance revealed that oxidation halfreaction was actually favored in the region surrounding the PLI rather than directly underneath the
PLI itself. The results from the multispectral imaging experiments show a consistent trend for both
pH-dependent and pH-independent redox indicators, suggesting that the observed behavior is due
to redox chemistry rather than an artifact due to localized pH effects.

4.4 Conclusions
In summary, a helium RF plasma jet impinging on an aqueous solution containing the redox
indicator indigo carmine was used as a model system to identify where redox half-reactions occur
in electrodeless plasma-liquid configurations. The conclusions of this work are supported by two
independent experimental methods of in situ electrochemical measurements and multispectral
imaging using colorimetric molecular indicators. Reduction reactions take place near the plasma
jet centerline, and oxidation reactions take place in the adjacent solution. Spatial electrochemical
measurements revealed values of η̅rz that were negative for 0 < r < 2.5 mm, and positive for 3.0 ≤
r < 8.0 mm; indicative of reduction and oxidation half-reactions, respectively. The multispectral
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imaging results revealed a decreased absorbance for IC at 600 nm for |x| ≤ 14 mm, suggesting that
IC2− was reduced to H2IC2− in that region. The addition of TiOSO4 to the IC solution showed an
increased absorbance at 400 nm for |x| ≥ 13 mm, indicative of the formation of a product of water
oxidation H2O2. The results of both data sets suggest that the electrodeless cathode is located
directly underneath the PLI, while the electrodeless anode is surrounding in the adjacent solution.
Despite the apparent disparity in the characteristic lengths of electrodeless anode and cathode
between the two experimental methods, the data sets show the same qualitative behavior. More
specifically, the electrodeless cathode is located directly underneath the PLI, while the
electrodeless anode is in the surrounding solution.
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Chapter 5

Plasma Parameters and the Reduction
Potential at a Plasma-Liquid Interface

5.1 Introduction
The increasing availability and decreasing cost of renewable electricity has prompted
research into electrified chemical processing whereby electrical energy is used to drive chemical
transformations.1,131 Electricity-intensive processing techniques such as electrochemistry using
solid electrodes has attracted attention in this context for the synthesis of organic compounds, such
as high-value pharmaceuticals9 and renewable chemical production.132 Chemical transformations
are achieved in conventional electrochemical systems by applying an external bias to a solid
electrode allowing for the preferential transfer of electrons between the electrode-liquid interface.
The ability to perform controlled reduction-oxidation (redox) reactions in electrochemical systems
is realized by adjusting the electrode potential at the electrode-liquid interface via external
circuitry. However, conventional electrochemical configurations have been shown to suffer from
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complications including fouling of the electrode surfaces by carbonaceous coatings12,133,134 and
conversions being influenced by the choice of a supporting electrolyte.14 Another way to utilize
electricity to drive chemical reactions is by employing nonthermal plasma in contact with liquids.
Nonthermal atmospheric plasma interacting with liquids have been utilized for a variety of
applications including wastewater treatment,114,135 chemical conversion,58,136 and nanomaterial
synthesis.111,137 These applications are based on electrochemical reactions induced by chargetransfer processes taking place across the interface formed between the plasma and electrolyte
solution (i.e. plasma-liquid interface). Nonthermal plasma in contact with liquids can act as a
source of reactive species such as solvated electrons and atomic hydrogen,63,49 which can facilitate
redox reactions within solution. Nonthermal plasma-liquid interactions have been described as a
means of performing electrodeless electrochemistry.138 As demonstrated in the previous chapter,
nonthermal free APPJs in contact with liquids are able to form an electrodeless cathode and anode
in the liquid capable of promoting selective organic transformations.122 An electrodeless approach
is hypothesized to ameliorate issues of electrode fouling experienced using solid
electrodes.12,133,134 Moreover, plasma electrochemical systems do not require the addition of a
supporting electrolyte. Despite these features compared to conventional electrochemical systems,
a means of performing controlled chemical transformations on the liquid side of the plasma-liquid
interface has not been clearly identified. More specifically, a framework for understanding how
the reduction potential in plasma-liquid systems can be tuned for controlled electrochemistry has
not been established.
Electrochemical reactions are driven by differences in the electrochemical potential of
electrons between dissimilar phases, resulting in the transfer of electrons across the interface
formed between the phases until equilibrium is reached. In the case of conventional
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electrochemical systems, the external bias applied to the solid electrode constrains the local
electrode potential at the electrode-liquid interface to a particular value, driving the redox reaction
in the direction to reach local equilibrium with that reduction potential. We hypothesize an
analogous constraint to occur in plasma-liquid systems, wherein the local reduction potential in
the liquid immediately underneath the plasma-liquid interface is controlled by the state variables
of the plasma (i.e. electron density and electron temperature) above the interface.
In this chapter, we investigate the effect that the electron density and electron temperature
have on the observed reduction potential directly underneath the plasma-liquid interface. The
electron density, ne, and electron temperature, Te, were acquired by means of laser Thomson
scattering of a radiofrequency (RF) argon (Ar) atmospheric pressure plasma jet (APPJ).
Characterization of the reduction potential in solution was performed using a previously reported
technique,122 where a reference electrode is used to measure the local potential within the solution
directly underneath the electrochemically active plasma-liquid interface, EPLI, relative to the
potential measured by a nominally identical reference electrode in the bulk solution, Einf. The
relative reduction potential in solution near the plasma-liquid interface, ηPLI, is given by

PLI = EPLI − Einf .

(5.1)

Treating the liquid as an electrically floating surface, a negative charge would be expected to form
in order to balance the flux of hot electrons and relatively slow positive ions from the plasma phase
to the liquid.79,139 Thus, the constraining potential at the plasma-liquid interface is expected to be
proportional to the floating potential, which can be approximated using an analytical model if ne
and Te are known. Interestingly, the empirical values of the relative reduction potential near the
plasma-liquid interface, ηPLI, were found to be in good agreement with the model-predicted

78

reduction potential determined using the plasma parameters obtained from the Thomson scattering
experiments.

5.2 Experimental
5.2.1 Plasma Source
The plasma source studied in this work was a RF (13.56 MHz) Ar APPJ shown in Figure
5.1. The APPJ was comprised of a powered nickel needle electrode with an outer diameter of 2.3
mm housed within an alumina tube with inner and outer diameters of 3.2 mm and 9.5 mm,
respectively. The ground electrode was an aluminum ring with an inner diameter of 9.5 mm, which
was mounted to the exterior of the alumina tube at a distance of 5 mm from the tube outlet. The
Ar flow rate was maintained at a constant flow rate of 1000 standard cubic centimeters per minute
(sccm) using a mass flow controller (GE50A, MKS Instruments). The plasma was generated using
a RF power supply (AG 0613, T&C Power Conversion) connected to an impedance matching
network (AIT-600 RF Auto Tuner, T&C Power Conversion) and synchronized to the laser source
using a pulse generator (Model 575 Pulse/Delay Generator, Berkeley Nucleonics Corporation).
The RF excitation frequency was modulated with a 20 kHz pulse with a duty cycle of 20%.
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Figure 5.1. Laser Thomson scattering of a radiofrequency argon plasma jet. (a) Image of a
frequency-doubled Nd:YAG laser passing through core of radiofrequency (RF, 13.56 MHz) argon
plasma jet in contact with liquid. The RF excitation frequency was modulated with a 20 kHz pulse
with a duty cycle of 20%. (b) Schematic representation of RF argon plasma jet shown in (a) with
important dimensions specified.
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5.2.2 Light Scattering
Characterization of the Ar APPJ used in this work was accomplished by means of laser
light scattering. All laser diagnostics reported in this work were performed in the Princeton
Collaborative Research Facility at the Princeton Plasma Physics Laboratory. The laser source for
the light scattering experiments was a frequency-doubled Nd:YAG laser (λ0 = 532 nm, Continuum
SL-III, Surelite). The laser was Q-switched at a repetition rate of 10 Hz, generating a beam with a
pulse width of 8 ns (full width at half max, FWHM) and a maximum pulse energy of 550 mJ. A
schematic for the experimental apparatus used for the laser scattering experiments is shown in
Figure 5.2. The incident laser was focused with a lens (focal distance f = 1 m) and the laser spot
size interacting with the plasma was determined to be 318 μm in diameter. The laser pulse energy
used in the experiments was measured using a pyroelectric energy sensor (ES220C, ThorLabs)
and found to be 60 mJ. The operating laser fluence used for Raman and Thomson scattering was
75.6 J cm−2, which was found to be less than the critical fluence that would result in inverse
bremsstrahlung heating of electrons (Appendix I). The orientation of the detection arm was
orthogonal (ϕ = 90°) to the axis of the incident laser. Light scattered by the plasma was focused (f
= 200 mm) through a 200 μm pinhole, which acted as a spatial filter. A volume Bragg notch filter
was used to physically remove the Rayleigh component of the scattered light. The filter was a
reflecting volume Bragg grating (VBG) and was specified to block light with an optical density of
4 with a FWHM of 5-8 cm−1 (0.14-0.23 nm). The transmission of the filter outside the blocking
region is 80%. The reflected wavelength can be tuned by rotating the filter. Setting an angle of 6 °
between the filter normal and the direction of the incoming light results in the reflection of 532 nm
light, which is the central wavelength (λ0) of the laser. The main drawback of the VBG filter is the
small angular acceptance of less than 0.1°, therefore, adequate collimation of the scattered light is
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crucial for rejecting Rayleigh scattered light. Light exiting the pinhole was collimated (f = 50 mm)
before passing the volume Bragg notch filter, and focused (f = 50 mm) into the entrance slit of the
monochromator (SpectraPro HRS-750, Princeton Instruments) and projected onto an intensified
CCD (iCCD) camera (Pi-Max 3 Model 1024i, Princeton Instruments). Irises were placed along the
detection arm in order to minimize stray light due to light scattering off of solid surfaces. The
iCCD captures a two-dimensional image with the spectral dispersion (wavelength) along the
horizontal axis and spatial information along vertical axis. The iCCD images of the collected
scattered light were averaged over 10000 accumulations (17 minutes) for each spectrum. A digital
pulse/delay generator was used to synchronize the laser, RF power supply, and iCCD camera. The
synchronization of the plasma was based on detecting the time delay between the 20 kHz pulse
used to modulate the RF excitation frequency and the beginning of the observable laser pulse that
produced the largest Balmer-α (Hα, 656.3 nm) emission line, which was assumed to correspond to
the timing with the largest electron density. Using optical emission spectroscopy (OES), a time
delay of 9.981 μs was found to have the highest Hα intensity for each RF power evaluated.
Laser light scattering was performed on an Ar APPJ treating a 75 μM indigo carmine (IC)
solution with an adjusted pH of 10. The solution was contained in a PTFE crystallizing dish (325
mL), which produced a positive meniscus. The PTFE dish was connected to a large reservoir (14
L) containing freshly prepared 75 μM IC solution (pH 10) in order to maintain a constant liquid
height in the PTFE dish via hydrostatic pressure while the Thomson signal was being acquired.
The plasma was positioned such that the end of the tube was at a fixed height of 10 mm above the
surface of the solution, with the laser passing through the plasma at a height of 9 mm above the
liquid surface (see inset of Figure 5.2). Thomson signal was acquired as a function of RF power

82

Figure 5.2. Schematic of the experimental laser light scattering setup. Laser source used in
Raman and Thomson scattering experiments. A Q-switched frequency-doubled Nd:YAG laser was
used to generate a beam with a central wavelength of 532 nm at a repetition rate of 10 Hz. The
pulse width of the laser was 8 ns and the laser power used for acquiring Thomson signal was 60
mJ. Incident light is focused through a lens (f = 1m) and passed through the plasma at a distance
of 2 mm below the APPJ tube ending, or 8 mm above the liquid surface (see inset). The scattered
light was collected along the detection arm which was orthogonal to the incident beam. The
scattered signal was focused (f = 200 mm) through a pinhole and collimated (f = 50 mm) through
a Bragg notch filter to remove the Rayleigh component of the scattered light. The light was focused
(f = 50 mm) before entering the monochromator and images were acquired using an intensified
CCD (iCCD) camera.
over the range of 20-50 W, increasing the power in increments of 10 W. Prior to each Thomson
experiment, the solution in the PTFE dish was replenished with fresh solution from the reservoir.
An alignment procedure for centering the plasma jet along both the laser and detection axes was
performed before each acquisition. The plasma jet was mounted to a two-axis micrometer
positioning table, allowing for the relative position of the plasma jet to be adjusted in 25.4 μm
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increments along the laser and detection axes. Alignment of the plasma along the laser axis was
based on locating the core of the plasma by means of Rayleigh scattering. More specifically, the
position of the plasma along the laser axis was adjusted to minimize the Rayleigh signal detected
by OES, which corresponds to the position with the lowest density of heavy particles due to
ionization. Along the detection arm, alignment of the plasma with the entrance slit of the
spectrometer was determined based on the position with the highest Hα emission via OES.

5.2.3 Electrochemical Characterization
Electrochemical characterization was carried out using a previously reported method,122
based on measuring the potential difference between a position within the liquid near the plasmaliquid interface (EPLI) and the bulk solution (Einf). Briefly, the relative reduction potential was
measured using identical Ag/AgCl reference electrodes connected to a digital multimeter
(DMM6500, Keithley). The reference electrode measuring the relative reduction potential of the
electrochemically active plasma-liquid interface was housed in a Luggin capillary (Adams &
Chittenden) and positioned in the liquid directly underneath the impingement point of the plasma.
The local reduction potential within the liquid underneath the plasma-liquid interface was
referenced to the potential measured by an identical reference electrode positioned in the
unaffected bulk solution. The relative reduction potential measurements were performed as a
function of RF power in the same PTFE dish using in the Thomson scattering experiments using
75 μM IC (pH 10). The measured voltage difference between the electrodes prior to igniting the
plasma was used for baseline subtraction. However, due to the stringent nature of the Thomson
scattering experiments, the electrochemical measurements were performed asynchronously to
avoid the introduction of additional stray light.
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5.2.4 Ultraviolet-Visible Absorption Spectroscopy
In order to verify that the Ar APPJ used in this work was able to selectively reduce the
model redox compound (IC), the composition of the solution was treated at the same RF powers
used in the Thomson scattering experiments and evaluated using ultraviolet-visible absorption
spectroscopy. Plasma treatments of IC were performed with the same Ar APPJ used in the
Thomson scattering experiments to verify the selective reduction of the redox indicator. A fresh
IC solution was prepared with a nominal concentration of 75 μM an adjusted pH of 10. Plasma
treatments were performed using a gap height of 10 mm between the end of the APPJ tube and the
solution surface. Treatments were performed on 20 mL volumes for a duration of 60 s using the
same applied RF powers used in the Thomson scattering experiments. Immediately following
treatment, 2 mL aliquots were drawn and used for ultraviolet-visible (UV-Vis) absorption
spectroscopy. The UV-Vis absorption spectra were acquired on a Cary 5000 spectrophotometer
(Agilent) over the wavelength range of 350-700 nm using a scan rate of 150 nm min−1.

5.2.5 Electrical Characterization
The voltage applied to the electrode, V, was estimated based on measuring the peak voltage
at powered electrode of the Ar APPJ. More specifically, the voltage waveforms were acquired
using a high voltage probe (P6015A, Tektronix) and recorded with a digital oscilloscope (TDS
2014C, Tektronix) for each applied RF power used in the Thomson scattering experiments.

5.3 Data Analysis & Fitting
5.3.1 Laser Light Scattering
More detailed explanations regarding the theory behind light scattering of plasmas can be
found elsewhere,140–142 but a brief overview will be discussed. Light guided through a plasma can
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be scattered as a result of interactions between the incident electromagnetic radiation and heavy
particles (Rayleigh scattering), molecules (Raman scattering), or unbound charged particles
(Thomson scattering). Rayleigh scattering arises from elastic scattering of light by the electron
clouds (i.e. bound electrons) of atoms and molecules.140,143 Raman scattering describes the inelastic
scattering of light with the bound electrons of molecules, which induce rotational and/or
vibrational transitions.144,145 Thomson scattering occurs as a result of elastic scattering of light
from unbound charges (e.g. electrons or ions).140,145,146 In the context of plasma laser diagnostics,
analysis of the resulting light scattering spectrum for a given mechanism is key for extracting a
characteristic density and/or temperature. Rayleigh scattering can be used to determine the
background gas temperature (Tg), Raman scattering can provide the densities of molecular species
(e.g. N2 and O2) and the rotational temperature (Trot), and Thomson scattering can be used to extract
the electron density (ne) and electron temperature (Te).147
The general form of the power of scattered light per unit wavelength, Pλ(λ), for each
scattering mechanism is expressed as140,141

P (  ) = fLP0  ni 

d i
 Si (  )
d

(5.2)

where f is based on the efficiency of the optics and camera, L is the length of the detection arm, P0
is the power of the incident laser, ΔΩ is the solid angle of detection, ni is the number density of
species i,

d i
is the differential cross section of species i, and Si(λ) is function that describes the
d

spectral distribution of scattered photons. While ni,

d i
, and Si(λ) are unique to the type of light
d

scattering, fLP0ΔΩ is a system-specific geometrical factor that has a constant value for a particular
apparatus and setup and does not depend on the scattering mechanism. Given that the profile of
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Si(λ) takes on a specific form based on the type of light scattering, along with the fact that

d i
is
d

typically a known quantity, the value of fLP0ΔΩ can be readily determined by performing light
scattering under known conditions (i.e. species density and temperature) in a procedure known as
absolute intensity calibration. More specifically, an experimental scattering spectrum, Pexp(λ), and
a simulated spectrum calculated using Equation 5.2 can be used to find the intensity calibration
factor by
fLP0 =

Pexp (  )
.
d i
ni 
 Si (  )
d

(5.3)

For APPJs, the calibration factor is typically found by means of performing rotational Raman
scattering under ambient conditions in open air. In the case of Thomson scattering, the fLP0ΔΩ
factor is typically required to accurately determine the ne. Thomson scattering can be categorized
as being collective or non-collective depending on the relative scales of the incident laser
wavelength, λ0, and the electron Debye length, λD, given by
12

 k T 
D =  0 2 B e  .
 qe ne 

(5.4)
where ε0 is the permittivity of free space, kB is the Boltzmann constant, and qe is the fundamental
charge. More specifically, the scattering regime is determined by the value of the scattering
parameter, α, expressed as

=

1

 0
2 2 D
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(5.5)

which describes the degree of collectivity. Note that the first term on the right-hand side of
Equation 5.5 only applies for systems in which the scattering angle ϕ = 90° is orthogonal to the
incident laser. Non-collective Thomson scattering occurs for λ0  λD (α < 1), where the incident
light is scattered by individual electrons. Collective scattering takes place when λ0  λD(α > 1),
where light is scattered by an ensemble (i.e. a collection) of electrons.
The spectral shape in a Thomson scattering experiment is a consequence of Doppler
shifting of light due to the relative motion (velocity) of electrons with respect to both the incident
laser beam and the detector. Thus, the resulting scattering spectrum is related to the velocity
distribution of the electrons in the plasma. For non-collective Thomson scattering (i.e. λ0  λD),
the randomly distributed electrons within the plasma result in the isotropic scattering of light.
Assuming that the electron velocity distribution is Maxwellian, the observed Thomson spectrum
would take on a Gaussian profile with a width proportional to Te and an area proportional to ne. It
should be noted that the area is also dependent on fLP0ΔΩ, as shown in Equation 5.2, highlighting
the importance of proper calibration when determining ne. For collective Thomson scattering (i.e.
λ0  λD), light interactions with groups of electrons result in nonuniform scattering, introducing
wave interference effects. While the underlying Maxwellian velocity distribution of electrons
profile is still present, the spectral distribution function is modified to account for collective effects
using the scattering parameter, α
Se ( xe ) =

1



exp ( −xe2 )

 1 +  2W ( xe )
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2

(5.6)

where xe is a dimensionless parameter and W(xe) is the plasma dispersion function. The value of
xe is given by

xe =

c0  1 1   2k BTe 
 − 

2   0   me 

−1 2

(5.7)

where c is the speed of light in a vacuum. The complex plasma dispersion function is expressed as
xe

W ( xe ) = 1 − 2xee −xe  et dt − j  xee −xe
2

0

2

2

(5.8)

where t is a dummy variable and j is an imaginary unit. The spectral distribution function, given
by Equation 5.6, takes on a unique shape based on the value of α (Appendix AII). A noticeable
deviation from the Gaussian spectral shape becomes apparent for α ≥ 0.2, giving rise to a partially
collective scattering regime. The distinct shape of the Thomson signal in the partially collective
and collective scattering regimes allow for ne and Te to be determined without the absolute intensity
calibration procedure. Rather, a shape calibration approach can be used, whereby α and Te are used
to adjust the shape and width of Se(xe), respectively, to fit the unique shape of the Thomson signal
(Appendix AII).

5.3.2 Fitting Procedure
In this work, the Raman signal was acquired in air with no discharge under known
atmospheric conditions (i.e. pressure and temperature). The experimental Raman spectrum was
fitted only considering rotational transitions N2 and O2, following the procedure described by
Penney et al.148, Van de Sande,141 and van Gessel et al.147 The rotational temperature (Trot) and
mole fractions of nitrogen (xN2) and oxygen (xO2) were used as the parameters to fit the Raman
signal directly in order to obtain the system-specific fLP0ΔΩ calibration factor. The fitting
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procedure used for the absolute intensity and shape calibration of Thomson signal was adapted
from the work of Obrusnik et al.149 The calibration factor obtained from Raman scattering was
used to rescale the simulated Thomson spectrum for the absolute calibration method, while the
experimental Thomson signal was normalized for the shape calibration method. For both
calibration approaches, a two-step procedure was implemented to fit the experimental Thomson
signal using the MATLAB fminsearch and nlinfit functions following the procedure of van Gessel
et. al.147 While the fminsearch function shows good convergence when calculating the least square
difference between the fitted and experimental curves, the algorithm does not provide error
estimates for the fitted parameters. Conversely, the nlinfit function provides a covariant matrix
that can be used for error analysis, but the convergence of the Levenberg-Marquardt nonlinear
least squares algorithm is sensitive to the initial values of the fitting parameters. Thus, the
fminsearch function was used to determine the initial fit values for α and Te, which were used as
inputs for the nlinfit function to provide error estimates.

5.3.3 Floating Potential Calculation
The floating potential of a collisional plasma can be correlated to the plasma parameters
using an exponential-accuracy model under the assumption that the ion-atom collision frequency
is independent of velocity and the ion mobility, μ+, is constant.150,151 The floating potential is given
by

Vf = −

2 k BTe 
kT
ln − 1.0082 B e
3 qe
D
qe

where Δ is the ionization length. The ionization length can be written as
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(5.9)

=

nek BTe +
j+

(5.10)

where j+ is the ion current density. The ion current density can be approximated using the ChildLangmuir law given by152

4  2qe  V 3/2
j+ =  0 
9  M +  d 2

(5.11)

where M+ is the ion mass, V is the voltage applied to the electrode, and d is the interelectrode
spacing. The applied voltage, V, for each applied RF power was approximated using the rootmean-square of the measured peak voltages. Error analysis for the floating potential was carried
out by propagating the error from the error estimates obtained from the Thomson fitted parameters.
The error estimates were outputs along with the fitted parameters from the nlinfit function in
Matlab. Specifically, Δne and ΔTe were error estimates for the fitted parameters ne and Te,
respectively. Propagation of the error estimates from the fitted parameters, the error in the floating
potential expression given in Equation 5.9 yields

2

 2k
  n3 2q
 kT 
V f =  − B e  ne 2 +  − B ln  + e e
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 3 qe  j+

2

k BTe  1 k B
k 
− 1.0082 B  Te 2
−
 0  3 qe
qe 

(5.12)

5.4 Results & Discussion
5.4.1 Laser Light Scattering of Argon Plasma Jet
To understand the relationship between the measured reduction potential in solution, ηPLI,
and the state variables of the plasma, the plasma parameters were first extracted from the laser
light scattering signal. More specifically, the values of ne and Te were determined by calibrating
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and fitting the spectra obtained in the Thomson scattering experiments. Absolute intensity
calibration was performed by means of fitting a Raman spectrum acquired in open air, shown in
Figure 5.3. The experimental Raman signal was acquired over 10000 laser shots (17 min) at a
height of 9 mm above the liquid surface. The fitted Raman spectrum (Figure 5.3) showed that Trot
= 295 K, which was in agreement with the measured ambient temperature. The mole fractions of
nitrogen, xN2 = 0.805, and oxygen, xO2 = 0.195, obtained from the fit were consistent with the
expected composition of ambient air under standard conditions. The experimental Raman signal
was normalized in order to determine the system-specific fLP0ΔΩ factor required for absolute
intensity calibration used in the Thomson scattering experiments.
The Thomson signal acquired for the Ar APPJ used in this work was found to fall within
the partially collective scattering regime, as observed from the non-Gaussian profile shown in Fig.
5.4b. While absolute intensity calibration is not required for determining ne and Te in this scattering
regime, it can be useful for comparing the results from shape calibration fitting. For the Thomson
spectrum acquired for the Ar APPJ operating at 50 W (Fig. 5.4b), the fitted values for the electron
density and temperature using the absolute intensity calibration method were found to ne = (7.16 ±
0.33)∙1021 m−3 and kBTe = 0.79 ± 0.03 eV, respectively. Similarly, the shape calibration method
was applied to the same data set (Fig. 5.3c), which showed that the fitted values of ne = (7.16 ±
0.28)∙1021 m−3 and kBTe = 0.79 ± 0.02 eV. Note that Raman contribution to the Thomson signal
was found to be negligible and omitted from the fit. The absence of Raman features in the Thomson
signal is consistent with the idea that the amount of air entrainment into the flow would be
negligible close to the tube ending of the APPJ. Given the close agreement between fitted values
for the plasma parameters between both calibration methods, the reported plasma parameters
reported herein were calculated based on the shape calibration method.
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Figure 5.3. Rotational Raman Spectrum. (a) The iCCD image acquired for Raman scattering in
open air under ambient conditions with no discharge present. (b) Experimental Raman spectrum
generated from vertically binning data shown in (a) Fitted parameters are indicated on the top right.
Grayed out areas are the Rayleigh rejection region. All spectra were acquired over an accumulation
of 10000 laser shots.
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Figure 5.4. Thomson Scattering Spectrum. (a) The iCCD image acquired for Thomson
scattering of Ar APPJ operating at 50 W. (b) Experimental Thomson spectrum fitted using the
absolute intensity calibration method. (c) Same experimental Thomson spectrum from (b) with
fitted spectrum based on shape calibration method. Both Thomson spectra in (b) and (c) were
generated by vertically binning data from (a). Fitted parameters for each spectrum are indicated
on the top right. Grayed out areas are the Rayleigh rejection region. All spectra were acquired over
an accumulation of 10000 laser shots.
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Figure 5.5. Electron density and electron temperature as a function of applied RF power.
The electron density (blue triangles) and electron temperatures (red diamonds) determined from
shape calibration fitting of the experimental laser Thomson signal as a function of applied RF
power. Error bars are the error estimates of the Matlab nlinfit function.
The Thomson signal was acquired for the Ar APPJ as a function of applied RF power over
the range of 20 to 50 W in increments of 10 W and the fitted plasma parameters are presented in
graphical form in Figure. 5.5 and tabular form in Table 5.1. As shown in Figure 5.4, the error bars
for the electron density and electron temperature overlap at lower RF powers. Whilet ne and kBTe
both appeared to increase with increasing applied power, the ability to delineate the individual
effects that ne and Te have on the reduction potential on the liquid side of the plasma-liquid
interface becomes difficult. A method is needed to describe the reduction potential in solution as
a function of both of these plasma parameters. Given that electrochemical interfaces are typically
described in terms of potential differences and charge densities, a more suitable framework for
relating the plasma parameters to the reduction potential would be based on the potential and
charge formation at the plasma-liquid interface.
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Table 5.1. Summary of plasma parameters. Summarized results of the electron density
and electron temperature as a function of applied RF power plotted in Figure. 5.5. The
parameters were obtained using the shape calibration fitting method of the Thomson signal
acquired at each RF power indicated. Error determined from the error estimates of the Matlab
nlinfit function.

Applied RF Power /
W
20
30
40
50

kBTe / eV

ne (∙1021) / m−3

0.68 ± 0.03
0.68 ± 0.03
0.72 ± 0.02
0.79 ± 0.02

4.72 ± 0.33
5.21 ± 0.30
5.61 ± 0.26
7.16 ± 0.28

Figure 5.6. Schematic Representation of the charged plasma-liquid interface. Illustration
depicting the areal charge density formed at the plasma-liquid interface and the unscreened
potentials at characteristic lengths for each phase.
If the electrolyte solution is conceptualized to be a floating surface, a negative surface
charge would be expected to form to balance the flux of the fast electrons and relatively slow
positive ions to maintain quasi neutrality in the plasma. Approximating the plasma-liquid interface
as an infinite sheet of charge with an areal charge density of , shown schematically in Figure 5.6,
the potential in each phase can be correlated by
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=

 plasma liq
=
d plasma d liq

(5.13)

where φi is the potential at a distance di from the plasma-liquid interface in phase i. As a positive
charge is moved towards the plasma-liquid interface from a point infinitely far away, a potential
difference between the unscreened test charge and interface arises as it approaches the surface. On
the plasma side of the plasma-liquid interface, the distance in which screening occurs is the
electron Debye length (i.e. dplasma = λD) where the potential can be approximated as the floating
potential (φplasma = Vf) of the plasma. A discussion of charge and potential formation of a floating
surface in contact with a plasma is discussed in Appendix AIII. In the liquid, the distance in which
screening occurs is given by the electrolyte Debye length (dliq = D) which is given by
12



 r 0k BT
=

D
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(5.14)

where εr is the relative permittivity, T is the temperature of the solution, NA is the Avogadro
constant, ci is the molar concentration of ionic species i, and zi is the charge number of ionic species
i. Taking the unscreened potential in the liquid at a distance D from the interface to be the relative
reduction potential between the plasma-liquid interface and bulk solution, φliq = ηPLI, the potentials
on both sides of the plasma-liquid interface can be equated by

 PLI = V f 

D

D

.

(5.15)

The plasma parameters determined from the Thomson scattering experiments were used as inputs
for calculating the floating potential as a function of applied RF power using Equations 5.9-5.11.
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The voltages used to calculate the ion current density were determined taking the root-mean-square
of the peak voltages given in Figure 5.7.

Figure 5.7. Voltage waveforms for various applied RF powers. The recorded voltage
waveforms over a single RF cycle for the various RF powers used in the Thomson scattering
experiments.
The ion mobility and mass used for argon were 1.54∙10−4 m2 V−1 s−1 and 6.63∙10−26 kg,
respectively.153 The electrolyte Debye length was calculated using Equation 5.13 and found to be
D = 23.0 nm for the IC solution used in this work. Similarly, the electron Debye lengths were
determined with Equation 5.3 for each electron density and electron temperature listed in Table
5.1, which ranged from λD = 89.5 nm to 79.3 nm as the applied RF power was increased from 20
to 50 W, respectively. The model predicted value for the relative reduction potential at the plasmaliquid interface, η, was found for each applied RF power using Equation 5.15. The results of the
time-averaged electrochemical measurements and the model-predicted relative reduction
potentials are plotted as a function of RF power as shown in Fig. 5.8b. The error bars for the
experimentally measured relative reduction potential are the standard deviation from time-
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averaged electrochemical measurements, while the error bars for the modeled-predicted reduction
potentials are propagated from the error estimates for the Thomson fit parameters.

Figure 5.8. Experimentally measured reduction potential and model predicted potential as a
function of RF power. (a) Schematic representation of Ar APPJ and Ag/AgCl reference electrode
measuring local potential within the liquid near the plasma-liquid interface (EPLI) with respect to
an identical Ag/AgCl measuring potential in the bulk solution (Einf). The EPLI reference electrode
was housed in a Luggin capillary which was positioned directly underneath the impingement point
of the plasma jet. (b) Time-averaged relative reduction potential (red triangles) measured between
the plasma-liquid interface and bulk solution. Error bars are the standard deviation. Modelpredicted reduction potential (dark grey squares) based on floating potential calculated using
experimental plasma parameters from laser Thomson scattering data in Table 5.1. Error bars are
propagated error from the fitted parameters.
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As shown in Fig. 5.8b, the model-predicted reduction potential was found to be in good
agreement with the experimentally measured reduction potential. The error bars from the timeaveraged reduction potential measurements overlap with the error bars propagated from the modelpredicted reduction potential, except for the 50 W case. The disparity between the measured and
model-predicted reduction potentials is likely due to simplifying assumptions of the model. In
particular, the floating potential expression in Equation 5.8 is a first approximation that excludes
higher order terms which could improve the accuracy.
Given that the selectivity of the Ar APPJ in contact with IC solution had not been tested,
UV-Vis absorption spectroscopy was performed to verify that the Ar APPJ could perform selective
reactions similar to the He APPJ. Using the same applied RF powers and duty cycle from the
Thomson scattering experiments, the Ar APPJ was used to treat 20 mL volumes of IC solutions
(pH 10) for 60 second durations. As shown in Figure 5.9, the selective reduction was still observed
as indicated by the presence of the isosbestic points (Figure 5.9b).
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Figure 5.9. Ultraviolet-Visible Absorption Spectrum of Indigo Carmine. (a) UV-Vis
absorption spectra of plasma treated IC solutions with an initial concentration of 75 μM and pH of
10 as a function of applied RF power. Plasma treatments were performed on 20 mL treatment
volumes for a duration of 60 s. (b) Zoomed-in portion of absorption spectra shown in (a) to
illustrate that the isosbestic points were preserved following plasma treatments using the Ar APPJ.

5.4.2 Model Verification using Helium Plasma Jet
As an independent means of validating the model, electrochemical measurements were
performed in a sodium chloride (NaCl) solution as a function of NaCl concentration using an
identical helium APPJ. The reduction potential was measured for different salt concentrations, and
therefore different electrolyte Debye lengths D, but the same plasma generation conditions were
used (electrode geometry, applied RF power, and gas flow rate). Measurements of the relative
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reduction potential were measured for NaCl solutions with nominal concentrations of 0.2, 2, 20,
and 200 mM. Solutions were freshly prepared using Type III ultrapure (18.2 MΩ cm) water from
a Direct-Q 3 Water Purification System (MilliporeSigma). The plasma source used the same
powered nickel needle electrode, but the tube used in this experiment was a fused silica tube with
inner and outer diameters of 7 mm and 9.5 mm, respectively. The ground electrode was an
aluminum ring with an inner diameter of 9.5 mm, which was mounted to the exterior of the silica
tube at a distance of 5 mm from the tube outlet. The operating gas was helium, which was
maintained at a constant flow rate of 2000 sccm. The RF power supply was run in continuous
mode rather than a pulsed mode, using an applied RF power of 50 W. A schematic of the
experimental apparatus used to characterize the He APPJ is shown in Figure 5.10a.
The floating potential was calculated Equations 5.9-11, where the dependence on ionic
species arise from the M+ and μ+ terms which are 6.64∙10−26 kg and 10.7∙10−4 m2 V−1 s−1,
respectively, in the case of helium.153,154 Given that the helium APPJ was not characterized, the
plasma parameters were set to be ne = 1∙1021 m−3 and kBTe = 2.0 eV for the floating potential
calculation. In general, work comparing RF atmospheric helium and argon plasmas report lower
electron densities and higher electron densities for the helium plasmas under similar operating
conditions.155 Based on the electron temperatures and electron densities obtained for the Ar APPJ
from the Thomson scattering experiments, these estimates for the He APPJ plasma parameters are
within reason. A plot of the model-predicted reduction values and the experimentally measured
values for the reduction potential as a function of NaCl concentration are shown in Figure 5.10b.
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Figure 5.10. Effect of electrolyte Debye length on reduction potential. (a) Schematic
representation helium APPJ and reference electrode, EPLI, housed in a Luggin capillary used to
measure local potential in the liquid near the plasma-liquid interface with respect to an identical
reference electrode fixed in the bulk NaCl solution, Einf. (b) The experimentally measured
reduction potential (black triangles) for a helium APPJ in contact with a NaCl solution and the
model-predicted reduction potential (red line) as a function of NaCl concentration. The plasma
parameters assumed for the floating potential calculation were kBTe = 2.0 eV and ne = 1∙1021 m−3
as indicated.
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5.5 Conclusions
Laser Thomson scattering was performed on an APPJ in contact with an electrolyte
solution containing a model redox compound, measuring ne and Te as a function of RF power.
Evaluation of the plasma parameters obtained from fitting the experimental Thomson signal using
both absolute intensity calibration and shape calibration methods were in excellent agreement.
Using a collision-dominated model for calculating the floating potential based on the
experimentally measured plasma parameters, a simplistic model for predicting the reduction
potential on the liquid side of the plasma-liquid interface was developed. Interestingly, the
measured values of the reduction potential were found to be in close agreement with a scaled
version of the plasma floating potential. In particular, the scaling factor was found to be the ratio
of the electrolyte Debye length to the electron Debye length in the plasma. The ability to
understand how the reduction potential at the plasma-liquid interface is related to the plasma
parameters is a crucial first step in understanding how to perform controlled redox reactions. More
specifically, this framework provides guidance on how to utilize plasma-liquid systems for
promoting selective electrochemistry without the use of solid electrodes.
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Chapter 6

Concluding Remarks

The purpose of this concluding chapter is to summarize the key findings from each chapter in
this dissertation.

Chapter 2 introduced a technique for characterizing the reduction potential in solution based on
the voltage difference measured between two identical, spatially separated, reference electrodes.
Under the assumption that the solution is the largest resistance to current flow, the measured
voltage difference will be equal to the differences in local reduction potentials between the two
reference electrodes. Using electrochemical cells with known reduction potentials, the magnitude
of the reference electrode measurement was consistent with the differences in reduction potentials
between half-cells, while the sign was able to indicate whether reduction or oxidation was
occuring.
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Chapter 3 applied the reference electrode technique tested in Chapter 2 in order to characterize the
reduction potential at a plasma-liquid interface. The relative reduction potential was measured by
comparing the local potential directly underneath the plasma-liquid interface relative to the bulk
solution. As the applied RF power used to generate the plasma increased, the relative reduction
potential at the plasma-liquid interface became increasingly negative. The negative values
suggested that reduction was taking place directly underneath the plasma-liquid interface. Using
redox indicators to independently verify the electrical measurements, spectrophotometric methods
verified that net reduction was occurring. The rate of reduction was found to increase with
increasing RF power, which was consistent the observed trend in reduction potential.

Chapter 4 used spatial electrochemical measurements and multispectral imaging using
colorimetric molecular indicators as two independent methods of identifying where redox halfreactions occur in electrodeless plasma-liquid configurations. Spatial electrochemical
measurements revealed that the relative reduction potential was negative directly underneath the
plasma and positive in the immediately surrounding solution, indicative of reduction and oxidation
half-reactions, respectively. Visualization of the spatial distribution of redox indicators by
multispectral imaging revealed that reduction products formed near the plasma jet centerline while
oxidation byproducts concurrently formed further away in solution. The results of both
experimental methods suggest that the electrodeless cathode is located directly underneath the
plasma-liquid interface, while the electrodeless anode is surrounding in the adjacent solution.
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Chapter 5 sought to identify a means of tuning the reduction potential in solution for an
electrodeless electrochemical system. Analogous to using an external circuit used to modulate the
potential at the electrode-electrolyte interface in conventional electrolytic cells, the plasma
parameters (e.g. electron temperature and electron density) are hypothesized to control the
potential at the plasma-liquid interface. Using a collision-dominated model for calculating the
floating potential based on the experimentally measured plasma parameters, a simplistic model for
predicting the reduction potential on the liquid side of the plasma-liquid interface was developed.
Interestingly, the measured values of the reduction potential were found to be in close agreement
with a scaled version of the plasma floating potential. In particular, the scaling factor was found
to be the ratio of the electrolyte Debye length to the electron Debye length in the plasma.
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Appendix I

Laser Heating

Laser heating of electrons in plasmas are known to occur as a result of inverse
bremsstrahlung, where photons are absorbed by the plasma.156,157 The threshold value for the laser
fluence able to increase the electron temperature due to the absorption of energy from the incident
laser has been worked out by Carbone et al.158 in the case of a nonthermal argon (Ar) plasma. The
critical value of the ionization degree for an argon plasma is given by

 crit = 3.4 10−5 ( kBTe )3 2 1 + 6.4  ( kBTe ) + 14.2  ( kBTe )2 

(AI.1)

where kB is the Boltzmann constant and Te is the electron temperature. The rate coefficient for
momentum transfer from electrons to ions is written as
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K ei = 2.54 10
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 1 
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 B e
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(AI.2)

.

The number density of atoms, na, is expressed as

na =

(AI.3)

p
− ne
k BTh

where p is the pressure, Th is the temperature of heavy particles, and ne is the electron density. The
maximum allowable relative increase in electron temperature is set by the experimentalist and can
be written as

=

 ( k BTe )
.
k BTe

(AI.4)

Assuming quasi-neutrality (ne = ni), the critical laser fluence can be expressed as158

Fcrit

m  c3 1
kT  n

= 24 e 20     B e  1 + a  crit 
qe
0
neK ei  ne

4

−1

(AI.5)

where me is the rest mass of an electron, ε0 is the permittivity of free space, c is the speed of light
in a vacuum, qe is the fundamental charge, and λ0 is the central laser wavelength. For kBTe = 1.0
eV, ne = 1.0∙1022 m−3, and ξ = 0.05 the critical laser fluence was determined to be Fcrit = 135.1 J
cm−2, which was greater than the operating laser fluence used in the experiments Fexp = 75.6 J cm−2.
In addition to the theoretical calculation for the critical laser fluence for laser heating of
electrons, the experimental values of kBTe were obtained from Thomson scattering measurements
over a range of laser fluences. Examples of the Thomson signal acquired for the radiofrequency
(RF) Ar atmospheric pressure plasma jet (APPJ) operating at 50 W using a laser fluences of 44.1
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J cm−2 (pulse energy of 35 mJ) and 226.6 J cm−2 (pulse energy of 180 mJ) are shown in Figures
AI.1a and AI.1b, respectively. The laser spot size was 318 μm in diameter and the laser pulse
energy was adjusted 35 to 180 mJ per pulse. A plot of the measured kBTe as function of laser
fluence is shown in Figure AI.1c. The laser fluence (Fexp) used in the experiments is indicated by
the dashed blue line. The operating laser fluence used in the Thomson and Raman scattering
experiments was within the range in which the mean value of kBTe remained constant. Above the
theoretical laser fluence (Fcrit), the electron temperature begins to increase.
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Figure AI.1. Electron temperature as a function of laser fluence. Thomson signal acquired for
the Ar plasma (used in the Thomson scattering experiments in Chapter 5) generated using an
applied RF power of 50 W using a laser fluence of (a) 44.1 J cm−2 (laser pulse energy of 35 mJ)
and (b) 226.6 J cm−2 (laser pulse energy of 180 mJ). The grayed out region is the Rayleigh rejection
region. (c) The measured values of kBTe as a function of laser fluence. Blue dashed line indicates
the laser fluence used in the Thomson and Raman scattering experiments (Fexp) and shaded red
area indicates the laser fluences at or above the critical value (Fcrit) required for electron heating.
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Appendix II

Effect of Scattering Parameter on Spectral
Distribution Function

The degree of collectivity is determined by the scattering parameter α, given by

=

1

 0
2 2 D

(AII.1)

where λD is the electron Debye length of the plasma expressed as
12

 k T 
D =  0 2 B e  .
 qe ne 

(AII.2)

Note that the first term on the righthand side of Equation AII.1 only applies to light scattering
systems in which the detection axis is orthogonal to the incident laser. In the collective Thomson
scattering regime (i.e. λ0  λD), the incident laser light is scattered by an ensemble of electrons,
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resulting in anisotropic scattering of light. Due to the non-uniform scattering of light, interference
effects distort the pure Gaussian profile of the spectral distribution function. The modification of
the spectral distribution function can be written in terms of the scattering parameter α as

Se ( xe ) =

1

exp ( −xe2 )



 1 +  2W ( xe )

(AII.3)

2

where xe is a dimensionless parameter and W(xe) is the plasma dispersion function. The value of
xe is given by
c  1 1   2k T 
xe = 0   −    B e 
2   0   me 

−1 2

(AII.4)

.
The complex plasma dispersion is expressed as
xe

W ( xe ) = 1 − 2xee −xe  et dt − j  xee −xe
2

0

2

2

(AII.5)

where t is a dummy variable and j is an imaginary unit. The principle of the shape calibration
approach is illustrated in Figure AII.1. First, the α is used to adjust the shape of the spectral
distribution function calculated using Equation AII.3 until it resembles the shape of the
experimental Thomson signal. The influence of α on the shape of the spectral distribution function
is shown in Figure AII.1a. Next, the width of Se is adjusted by holding α constant and varying kBTe,
until a suitable fit with the experimental Thomson spectrum is obtained. The influence of kBTe on
the width of the spectral distribution function, for constant α (α = 0.8), is shown in Figure AII.1b.
Once the unique values of α and kBTe that accurate fit the Thomson signal are determined, the
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corresponding value of ne is back-calculated by combining and rearranging Equations AII.1-2,
yielding

ne =

 0k BTe 
qe2

−2

1

 0  .

 2 2  
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(AII.6)

Figure AII.1. Effect of scattering parameter and electron temperature on spectral
distribution function. (a) The normalized spectral distribution function, Se, for different values
of the scattering parameter, α. (b) The normalized spectral distribution function, Se, for various
electron temperatures, kBTe, at a constant α = 0.8.
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Appendix III

Charge and Potential Formation of Floating
Surface in Contact with Nonthermal Plasma

Before describing the charging behavior of electrically isolated surfaces in contact with
nonthermal plasmas, a brief outline of the simplifying assumptions regarding the plasma
environment and the underlying assumptions will be covered. Consider an idealized nonthermal
noble gas plasma (e.g. argon or helium) comprised of only free electrons, positive ions, and a
background atomic gas. The mean electron temperature in a nonthermal plasma is typically on the
order of kBTe ≥ 1.0 eV while the ion and background gas temperatures are approximately equal to
the ambient thermal energy of kBT+ ≈ kBTg ≈ 0.0257 eV, where kB is the Boltzmann constant.i,21 In
order to simplify the discussion, the term ion will herein be used to refer to a singly charged
positive ionic species from the plasma unless otherwise specified. The structure of a plasma can

i

Plasma physicists tend to use energy units such as the electronvolt (eV) to describe characteristic temperatures. The
equivalent values of these energies, in temperature units, correspond to Te ≥ 11600 K for electrons and T+ ≈ Tg ≈ 298
K for ions and the background gas, respectively.
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be divided into two distinct regions: the plasma bulk and the sheath. In the bulk region, quasineutrality holds, and the criterion required to maintain a macroscopically neutral plasma simplifies
to
ne = n+

(AIII.1)

where ne and n+ are the number densities of the electrons and ions, respectively. Within the bulk
plasma, the velocities of electrons and ions are governed by their thermal motion. Assuming a
Maxwellian energy distribution, the mean thermal velocity of electrons, ve,th is
12

ve,th

 8k BTe 
=

  me 

(AIII.2)

where me is the rest mass of an electron. In a similar manner, the mean thermal velocity of ions
can be expressed as
12

 8k BT+ 
v+ ,th = 

  M+ 

(AIII.3)

where M+ is the mass of the ion. It can be seen from Table AIII.1 that thermal velocities of electrons
in the various bulk plasma are orders of magnitude higher than those of the ions.
Table AIII.1. Examples of various ion-to-electron mass ratios (M+/me) and electron-to-ion
thermal velocity ratios (ve/v+) for select ions. Values for mean thermal velocity based on kBTe
= 1 eV.

Ion

M+/me

ve/v+

H+

1836.2

267.5

He+

7296.2

533

Ar+

72820.7

1684
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In the case of a neutral, electrically isolated substrate that is brought into contact with a
nonthermal plasma, the electrons and ions reach the uncharged substrate based on their thermal
energies.79,159,160 In general, the particle flux for electrons and ions can be expressed
using22,79,159,161
( e,+ ) = n( e,+) ( e,+) .

(AIII.4)

where Γ is the flux of the charged particle, v is the mean velocity, and the subscripts e and + are
used to denote electrons and ions, respectively. The initial flux of ions is based on the mean thermal
velocity, v+,th, given by Equation AIII.3. Note that if one wants to consider the charging phenomena
in terms of current, the electron and ion current densities can be expressed in terms of flux using

J (e,+ ) = z(e,+) qe( e,+) .

(AIII.5)

where J is the current density of the charged particle, qe is the fundamental charge, and z is the
charge number of the species (ze = −1 for an electron and z+ = +1 for all ions in this discussion).ii
As a result of the initial imbalance of electron and ion fluxes, a region of net charge exists
at the surface leaving behind a region of positive space charge in the boundary layer between the
bulk plasma and substrate. The region of positive space charge is the plasma sheath, where the
quasi-neutrality condition in Equation AIII.1 no longer applies and the electron density has a
spatial dependence due to a potential barrier at the substrate surface. The fraction of electrons able
to overcome the potential barrier can be approximated using a Boltzmann distribution as22,161

ii

As another simplifying assumption, only currents generated by charged particles from the plasma are considered.
Current generated by secondary electron emission and photoemission processes will be considered negligible.
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 qe ( x ) 
ne = n0 exp  −

 k BTe 

(AIII.6)

where n0 is the bulk plasma density and  is the electric potential at distance x from the substrate
surface with respect to the plasma potential. Note that Equation AIII .6 simplifies to ne = n0 in the
case where (x) is equal to the plasma potential (i.e. as x approaches the plasma bulk). The velocity
of the ions entering the sheath is given by the Bohm velocity as22,161
12

v+ ,B

 k BTe 
=
 .
 M+ 

(1)

(AIII.7)

A qualitative plot showing the profiles of the electric potential, electron and ion densities is shown
in Figure AIII.1.
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Figure AIII.1. Qualitative profiles of electric potential, electron density, and ion density. A
qualitative sketch illustrating the potential profile on the top plot, with the electron (magenta) and
ion (navy) densities profiles shown in the bottom plot for the sheath and bulk regions. Velocities
of electrons (magenta) and ions (navy) entering the sheath shown at bulk/sheath boundary.
Due to the significantly lighter mass and higher thermal velocity of electrons, the thermal
flux of electrons to the substrate is initially much greater than the thermal flux of ions (Γe ≫ Γ+)
shown schematically in Figure AIII.2a. In the case of an initially uncharged substrate, the fluxes
of electrons and ions are based on the bulk densities and thermal velocities. For electrons, the flux
is given by
12

1  8k BTe 
 e = n0 

4   me 
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(AIII.8)

while the thermal flux of ions is given by
12

1  8k BT+ 
 + = n0 

4   M+ 

(AIII.9)

where the first term accounts for directionality (i.e. flux normal to the direction of a plane).

Figure AIII.2. Schematic of Electrically Isolated Substrate Exposed to Nonthermal Plasma.
(a) Initial state of substrate exposed to plasma. The thermal flux of electrons is much greater than
that of the ions. (b) Negatively charged substrate surface at steady state. Γe and Γ+ are the fluxes
of electrons and ions, respectively. The relative magnitudes of the fluxes are given by magnitudes
of the white arrows (not to scale). Red circles represent positive ions, yellow circles represent
electrons.
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As a result, the electrons reach the substrate before the ions and create a negative charge on the
substrate surface. A steady state is quickly reached as the negatively charged substrate surface
creates a potential barrier that repels electrons with insufficient kinetic energies to reach the
substrate while simultaneously attracting slow ions. For a dielectric substrate, the net current at the
surface is zero at steady state, or equivalently, the fluxes of electrons and ions are equal (Γe = Γ+)
as shown schematically in Figure AIII.2b.162 The flux of electrons to the surface is now modified
by the number of electrons with sufficient kinetic energy to reach the surface and expressed by22,79

1  8k BTe 
 qe 
e = n0 
 exp  −

4   me 
 k BTe 
12

(AIII.10)

while the flux of ions that reach the surface is the product of the ion density and the ion velocity
for ions entering the plasma/sheath boundary, given by the Bohm flux as
12

 k BTe 
 + = n0 
 .
 M+ 

(AIII.11)

Setting Equations AIII.10 and AIII.11 equal to one another and solving for the electric potential
term yields

f = −

k BT  M + 
ln 
.
2
 2 me 

(AIII.12)

Equation AIII.12 gives the expression for the floating potential, which is the potential value that a
surface in contact with a plasma adopts in order to prevent any further accumulation of negative
charge while maintaining a net current of zero.163,164 The vast majority of electrons are repelled as
only electrons with kinetic energies that exceed the potential barrier (−qef) are able to reach the
surface. The electron energy distribution function (EEDF) can be used to determine the probability
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of electrons with a particular energy. Based on a Maxwell-Boltzmann distribution function, the
EEDF can be expressed as21

f ( ) = 2


 ( k BTe )

3

 
exp  −
 k BT


.


(AIII.13)

where ε is the electron energy. A plot of the EEDF over electron energy range of 0 to 30 eV is
shown in Figure AIII.3 to illustrate the electrons in the high energy tail with sufficient energies to
reach the substrate surface.

Figure AIII.3. Example of Maxwellian Electron Energy Distribution Function (EEDF) for a
mean electron temperature of 1 eV. A plot of the electron energy distribution function (EEDF)
for a Maxwellian distribution. Region to the left of dashed gray line to represents the electron
energies that have insufficient energy to reach the substrate surface and are repelled into the
plasma. Region to the right represents the electrons with enough kinetic energy to overcome
potential barrier and reach substrate surface. Plot is based on a mean electron temperature of kBTe
= 1 eV.
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